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SUMMARY
 
In this report we approach lunar exploration from
 
the point of view of basic lunar science. We feel that,. in the
 
past, too much emphasis has been given to exploration capability,
 
and too little to fundamental scientific objectives.
 
The purposes of this report are to provide:(a) from
 
the point of view of basic lunar science, an overall outline
 
of the categories and interrelationships of lunar science
 
objectives (Section 2), (b) a detailed summary of the state of
 
knowledge about each of these objectives (Part II, which is a
 
catalogue of detailed supporting facts), (c) a detailed
 
statement of the next several steps necessary to reach more
 
and more complete understanding of these objectives (Part II),
 
(d) an outline of present measurement techniques (Section 3),
 
(e) a suggested overall strategy of lunar exploration
 
(Section 4), with detailed explanations of how this strategy
 
incorporates the available techniques in increasing our
 
knowledge of the objectives (Part 11),(f) a correlation of
 
objectives, techniques, and.levels, showing how each relates
 
to the overall task of lunar exploration (Section 5), (g) an
 
explanation of how the suggested strategy can be expanded or
 
contracted, so as best to complement expanded or contracted
 
NASA mission schedules, in a way that will, in the future,
 
insure a maximum scientific return per dollar, whatever the
 
level of NASA funding (Section 6),and (h) a specific example:
 
how the suggested strategy directly pertains to the remainder
 
of the Apollo program (Section 7). This report will serve as
 
a basis for other ASC/IITRI reports which will.discuss further
 
specific aspects of the overall approach to lunar exploration.
 
Among other things these reports will discuss the respective
 
roles of sub-satellites, emplaced surface science, and lunar
 
bases.
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We start from the viewpoint of basic lunar science.
 
The most interesting questions about the Moon relate to that
 
body as a whole: How and when did it originate? What has
 
happened to it since? How do its origin and evolution relate
 
to the origin and evolution of the entire solar system? Is
 
there, or has there ever been, life on the Moon? Accordingly,
 
in Section 2, we have divided lunar science into three main
 
"Science Areas": Origin, Evolution and the Search for Life,
 
These areas are then further sub-divided according to those
 
present properties or features of the Moon which would most
 
likely give information regarding the Science Areas; these
 
categories are termed "Broad Objectives" They are finally
 
sub-divided into the "Specific Objectives" to which measure­
ment techniques are directly applicable.
 
In Section 3, available measurement techniques are
 
discussed and correlated with the scientific objectives.
 
Section 4 then proposes a strategy for exploration, based on
 
a framework of four levels of capability:
 
Level 1: Overall Reconnaissance
 
Level 2: Sampling of Representative Systems
 
Level 3: Determination of Feature-Related Processes
 
Level 4: Comprehensive Regional Exploration
 
and Exploitation
 
The major scientific goals of the levels correspond
 
to the capabilities, respectively, of: lunar orbiting space­
craft, Apollo landings , Post-Apollo, and a Lunar Surface
 
Base. -
In Section 5, we discuss the overall correlation of
 
objectives, techniques, and levels, with a view toward finding
 
which techniques are most applicable to the scientific objec­
tives, which objectives are most readily studied with the
 
techniques available, and how the "four-level" scheme helps
 
maximize the rate of scientific return. A major result of
 
this correlation is a priority-list for measurement techniques
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(Section 6), illustrated in Figures S-i and S-2. The exact
 
ordering of techniques cannot be guaranteed but the approximate
 
ordering is valid: for example, it is evident that a laser ranger
 
is much more applicable to lunar science than a neutral particle
 
detector.
 
This report can and should be used in lunar mission
 
planning regardless of the level of funding. Of course, more
 
funds mean a faster rate of scientific return, less funds mean
 
a slower rate.
 
As an example of the usefulness of this report, we
 
apply it to the remainder of the Apollo program (Section 7).
 
We conclude that, although Apollo has been living-up to its
 
potential in the field of surface science with ALSEP, it has not
 
been doing so thus far for orbital science.
 
We conclude (Section 8) that scientific objectives
 
should be a major input in the planning of any lunar mission
 
from its inception. Measurement techniques should be allocated
 
to future Apollo and Post-Apollo missions according to their
 
value in testing scientific objectives. We recommend that this
 
be done for any Post-Apollo program, and for all possible
 
remaining Apollo missions. We especially recommend a much
 
greater role for the CSM in orbital science.
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Report No. P-29
 
LOGIC FOR LUNAR SCIENCE OBJECTIVES
 
1. INTRODUCTION
 
Previous reports on lunar science have generally over­
emphasized the current capability of lunar exploration, and
 
underemphasized the current knowledge of lunar science. They have
 
essentially asked questions in the following order: (1) what
 
level of exploration capability have we reached? (2) what areas
 
of lunar science are amenable to investigation with this capa­
bility? (3) therefore, which science areas should be investigated
 
next? This approach has several disadvantages. For example,
 
lunar science is treated in a very patchwork fashion; the
 
successive steps of lunar exploration capability are only weakly
 
correlated to the needs of lunar science. Also, reports quickly
 
become out of date, as capability changes.
 
Although capability changes, the moon remains constant.
 
It is our feeling that the questions should therefore be asked
 
from a scientific point of view, as follows: (1) how much do
 
we now know about the moon? (2) which areas of lunar science
 
are most in need of direct (orbital or surface) measurements?
 
(3) which of these areas are amenable to investigation with
 
present capability? (4) therefore, which science areas should be
 
investigated next? (5)-in what directions should we concentrate
 
on extending our capability, so as to maximize, in the future,
 
the rate of increase of our basic knowledge of the moon?
 
The purposes of-this report are to provide: (a) from
 
the point of view of basic lunar science, an overall outline of
 
the categories and interrelationships of lunar science objectives
 
(Section 2), (b) a detailed summary of present knowledge about each
 
of these objectives (Part II, which is a catalogue of detailed
 
supporting facts), (c) a detailed statement of the next several
 
steps necessary to reach more and more complete understanding of
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these objectives (Part II), (d) an outline of present measurement
 
techniques (Section 3), (e) a suggested overall strategy of lunar
 
exploration (Section 4), with detailed explanations of how this
 
strategy incorporates the available techniques in increasing our
 
knowledge of the objectives (Part II), (f) a correlation of
 
objectives, techniques, and levels, showing how each relates to
 
the overall task of lunar exploration (Section 5), (g) an explana­
tion of how the suggested strategy can be expanded or contracted,
 
so as best to complement expanded or contracted NASA mission
 
schedules, in a way that will, in the future, insure a maximum
 
scientific .return per dollar, whatever the level of NASA funding
 
(Section 6),and (h) a specific example: how the suggested strategy
 
directly pertains to the remainder of the Apollo program (Section
 
7). This report will serve as a basis for other ASC/IITRI reports
 
which will discuss further specific aspects of the overall approach
 
to lunar exploration. Among other things these reports will discuss
 
the respective roles of subsatellites, emplaced surface science,
 
and 	lunar bases.
 
As was stated at the -outset, other reports on lunar
 
science have preceded this one. They include:
 
L 	 September, 1969: National Academy of Sciences -
Space Science Board, Lunar Exploration, Strategy
 
for 	Research 1969-75.
 
2. 	September, 1969: Bellcomm, Apollo Lunar Explora­
tion Program; Science Objectives and Mission Plans.
 
3. 	August, 1969: ASC/IITRI Report No. P-28, Objec­
tive Priorities for Lunar Science Orbital Instruments.
 
4. 	December, 1968: NASA Science and Technology Advisory
 
Committee For Manned Space Flight, Proceedings of the
 
Winter Study on Uses of Manned Space Flight, NASA
 
SP-196. Appendix C, "The Lunar Program", by H. Hess
 
and 	N. Hinners.
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5. 	1968: Martin Marietta Report No. PR-34-113,
 
CSM Lunar Orbital Science Study. ""
 
6. 	1968: North American Rockwell Report"No. z 
SD 68-851-2, Utilization of CSM for Lunar Sdience 
Missions. 
7. 	1967: Summer Study of Lunar Science and Explora­
tion, Univ. of Calif. at Santa Cruz, NASA SP-157. 
8. 	1967: President's Science Advisory Committee,
 
The Space Program in the Post-Apollo Period.
 
9. 	1966: ASC/IITRI Tech. Memo. P-17, A Geological
 
Analysis for Lunar Exploration.
 
10. 	 1965: North American Aviation Report No. SID
 
65-289-3, A Study of Scientific Mission Support
 
of a Lunar Exploration System for Apollo (LESA).
 
11. 	 1965: NASA Summer Conference on Lunar Explora­
tion and Science (Falmouth, Mass.). NASA SP-88.
 
12. 	 1965: Space Research - Directions for the Future 
Lunar Goals, National Academy of Sciences - Spade 
Science Board (Woods Hole, Mass.). 
The present report builds upon this previous work. It 
discusses objectives of lunar science in considerable detail;lini 
particular, the "Present Knowledge of Objective" sections 5i ' 
Part II,'which we consider essential to the statement of where 
we now stand, are apparently unique. The strategy of overall 
lunar exploration is considerably more detailed than in prior 
work. The detailed breakdown of (a) the entire spectrum of objec­
tives, techniques, and exploration levels,(b) their correlation, 
and (6) their application to various levels of funding,has'not been 
presented before. And the setting of priorities on measuring
 
instruments, according to their scientific applicability, is
 
a new contribution'.
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2. 	 SCIENTIFIC.OBJECTIVES
 
The intent of this section is to present a complete
 
list of lunar science objectives. As a first ordering, three
 
"scientific areas" were chosen to represent widespread
 
scientific interests in the moon:
 
1. Origin of moon
 
2. Life
 
3. Evolution of moon
 
Evolution is the largest category since it includes most
 
selenological features.
 
In each area, "broad objectives" were chosen to
 
represent unsolved scientific problems. Thus, under lunar
 
evolution, we have
 
Basins
 
Large Craters
 
Maria
 
Atmosphere
 
Etc.
 
Finally, "Specific objectives" were chosen under each
 
broad objective. Thus, under basins, we have
 
3.1 Mascons.
 
3.2 Structure
 
3.3 Ejecta
 
3.4 Mare 	Fill
 
The intent of this system is to derive specific
 
objectives that, as scientific questions, would be roughly
 
equivalent in importance, and would at once suggest experimental
 
procedures for lunar science. The complete breakdown is given
 
in Table 1.
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Table 1 
OBJECTIVES OF LUNAR EXPLORATION
 
Science Broad 

Areas Objectives 

THERMAL STATE 

COMPOSITION.4
COMPSITON1. 

1. 	ORIGIN 

OF MOON STRUCTURE 

AGES 

2. 	LIFE LIFE FORMS 

PREBIOTICS 

BASINS 

LARGE CRATERS 

CRATERLETS 

UPLANDS 

MARIA 

R T
REOLITH 

3. 	EVOLUTION 

ATMOSPHERE"" 

OF 

MOON C3.23 

INTERNAL CONSTITUTION 

TECTONIC HISTORY 

THERMAL HISTORY 
DIFFERENTIATION 	HISTORY 

MAGNETIC HISTORY 

i.1 

f1.2 

1.3 

5 

Il.6 

i.7 

tl1.8 

ff1.9i1.10

.ii 

11.12 

J2.1 

f2.2 

3.I 

3.2
3.3 

13 4 
i3.5 

3.6 

L3.7 

13.8 

A3.9 

M3.10 
3.11 

3.12 

Specific
 
Objectives
 
HEAT FLOW
 
DEEP ISOTHERMS
 
ISOTOPES
 
ELEMENTS
CH ICALS
 
MINERALS
 
INTERNAL STRUCTURE
 
CRUSTAL THICKNESS
 
CRATER RETENTION AGES
SOLIDIFICATION AGES

FORMATION lNTERVALS
 
GAS 	RETENTION AGES
 
MICROSCOPIC LIVING ORGANISMS
 
ORGANIC MOLECULES
 
MASCONS
 
STRUCTURE
BASIN EJECTA
 
MARE FILL
 
STRUCTURE
 
EJECTA
 
FILL
 
CENTRAL PEAKS
 
SUBSURFACE STRUCTURE
 
-EJECTA
 
SURFACE AND SUBSURFACE STRUCTURE
 
COMPOSITION
 
s.22t 

D3.24 

.ff3.25 

Ij3.26 

3.27 

13.28 

13.29 

313, ABSOLUTE AGES
 
3.14 EMPLACEMENT MODE
 
3.15 AGE SEQUENCES
 
3.16 STRUCTURE
 
13.17 COMPOSITION
 
3.18 SOLAR EFFECTS
 
f3.19 EROSION AND TURNOVER
 
f3.20 ,COMPOSITION
 
3.21 'SOURCES OF GASES
 
PARTICLE MOTIONS AND ESCAPE
 
DETAILED DENSITY PROFILES
 
COMPOSITION
 
'ACTIVE SITES
 
SEISMICITY
 
INTRUSIVES
 
RILLES
 
GRID SYSTEM
 
'13.30 VOLCANIC STRUCTURES
 
if
3.31 

13.32 

3.33 

D3.34 

3.35 

13.36 

3.37 

13.38 

INTERNAL TEMPERATURE PROFILE
 
HEAT FLOW
 
SURFACE THERMAL ANOMALIES
 
DEEP INTERIOR DIFFERENTIATION
 
HORIZONTAL DIFFERENTIATION
 
PRESENT LUNAR MAGNETIC FIELD
 
PALEOMAONETISM
 
SUN - MOON FIELD INTERACTION
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3. MEASUREMENT TECHNIQUES
 
Here we wish to present a complete list of measure­
ment techniques appropriate for lunar science. The techniques
 
separated themselves fairly easily (with some overlap) into
 
"A. Orbital Measurement" and "B. Surface Measurements". Within
 
each of these catagories, "broad techniques",were chosen;
 
thus, under B, "Surface Measurements", we have
 
Bl. Field Measurements
 
B2. Near-Lunar Environment
 
B3. Retrieval of Subsurface Material
 
Etc.
 
Finally, "specific techniques" were chosen under
 
each broad technique; for example, under B2."Near-Lunar
 
Environment,"we have
 
B2.1 Plasma probe
 
B2.2 Cosmic ray detector
 
B2.3 Neutral particle detector
 
Etc.
 
The complete breakdown in given in Table 2.
 
(An "electromechanical line tracer" (BI.5) is a device
 
which enables a person to draw a picture, and have its content
 
telemetered to, and reconstructed at, a different location.
 
Using an electronic "pencil" and "drawing board", an astronaut
 
could sketch his impressions of those important features in the
 
surrounding lunar terrain which might not show up in a TV pictur&,
 
and ground control could see his drawing in real time.)
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Table -2
 
TECHNIQUES OF LUNAR EXPLORATION
 
Measurement Broad Specific
 
Areas Techniques Techniques
 
HA1.1ILF RADAR 
Al. ACTIVE ELM RADIATION JA1. 2 RADAR IMAGER 
DETECTORS 
 A. 3 LASER RANGER 
A2.1 MICROWAVE RADIOMETER 
A2.2 IR RADIOMETER 
A2.3 IR SPECTROMETER
 
A2. PASSIVE E-M 	 A2.4 IR TO UV IMAGER 
A2.5 METRIC CAMERA 
A.RADIATION DETECTORS A2. 6 PANORAMIC CAMERA 
MEASUREMENTS A2.7 VIS-UV SPECTROMETER 
A2.8 LYMAN-a TELESCOPE
 
A2.9 FLUORESCENCE X-RAY DETECTOR
 
A2.10 y-RAY SPECTROMETER
 
A3.1 PLASMA PROBE 
A3.2 TRAPPED PARTICLE DETECTOR
 
AA3.3 COSMIC RAY DETECTORA3. PARTICLES EAND O A3.4 NEUTRAL PARTICLE DETECTOR 
FIELDS DETECTORS IA1.5 MICROMETEOROID DETECTOR 
j[A3.6 MAGNETOMETER 
A3.7 GRAVITY GRADIOMETER 
B1.1 EYEBALLUBI.2 HAND CAMERA 
TOOLS31. FIELD MEASUREMENTS 	 B1.3 HAND 
"B1.4 PETROGRAPHIC MICROSCOPE 
1B1.5 ELECTROMECHANICAL LINE TRACER 
BI. 6 PANORAMIC CAMERA 
B2.1 PLASMA PROBE 
B2.2 COSMIC RAY DETECTOR
 
B2.3. NEUTRAL PARTICLE DETECTOR 
B2.4 MICROMETEOROID DETECTOR
B2. NEAR-LUNAR 
 B2.5 SURFACE DEGRADATION 	 METERENVIRONMENT 	 (solar wind) 
B2.6 SURFACE DUST TRANSPORT DETECTOR
 
B2.7 TOTAL-PRESSURE GAUGE
 
-B2.8
B. SURFACE 	 SURFACE ELECTROMETER
 
MEASUREMENTS 	 jBZ.1 HAND CORER 
B3. RETRIEVAL OF B3.2 SHALLOW-DRILL (3m) 
SUBSURFACE MATERIAL B3.3 MEDIUM DRILL (350m)
B3.4 DEEP DRILL (5 km) 
B4.1 PENETROMETER 
B4.2 HEAT FLOW PROBES
 
B4.3 THERMAL CONDUCTIVITY METER
 
B4.4 TILTMETER 
B4.5 GRAVIMETERB4. SELENOPHYSICAL 
B4.6 STRAIN GAUGEMEASUREMENTS 
B4.7 PASSIVE SEISMOMETER
 
B4.8 ACTIVE SEISMOMETER
 
B4.9 MAGNETOMETER
 
B4.10 POTENTIOMETER 
R4.11 RESISTOMETER 
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Table 2 (Continued)
 
Measurement Broad Specific
 
Areas Techniques Techniques
 
B5.1 UV LAMP 
B5.2 ACTIVE X-RAY SPECTROMETER 
(Laue) 
B5.3 ACTIVE X-RAY DIFFRACTOMETER
 
(Debye-Scherrer)

B5.4 X-RAY FLUORESCENCE DETECTOR 
B5. COMPOSITION B5.5 MASS SPECTROMETER 
B. SURFACE B.CMPSITIOT B5.6 GAS CHROMATOGRAPH 
MEASUREMENTS MEASUREMENT B5.7 NEUTRON-GAMMA ANALYZER 
(Continued) B5.8 •ALPHA BACKSCATTER ANALYZER d 
B5.9 PROTON BACKSCATTER 
.SPECTROMETER
 
B5.10 MOSSBAUER SPECTROMETER
 
B5.11 NEUTRON ACTIVATION : 
B5.12 WET CHEMICAL:ANALYSIS 
B6. EARTH-MOON jB6.,1 CORNER REFLECTOR 
RELATIVE MOTION B6.2 DOPPLER TRANSPONDER 
8 
4. 	 SPECIFIC LEVELS OF EXPLORATION
 
The objectivesof the lunar program demand an extensive
 
and continuing effort. The key to the orderly phasing of scientifi
 
exploration is the selection of sites and development of explora­
tion activities based on what has been learned in prior steps.
 
Effort must be channeled to those places and those investigations
 
that will yield the most information for the least expenditure.
 
The following program plan delineates an overall program
 
which comprehensively achieves the goals of complete lunar
 
exploration and exploitation. The phasing is governed by the
 
motive to effect achievement economically, avoiding redundancy
 
of both effort and data. Primary consideration is given to
 
the efficient collection of scientific data and to the development
 
of capability based on prior knowledge. However, consideration
 
is also given to utilization of the Moon. The result, we believe,
 
is an optimum program of lunar exploration and exploitation.
 
Specifically, the plan is comprised of four levels
 
of exploration. The levels are distinct but the interfaces
 
and chronologic overlap between them are significant. The
 
levels are:
 
1. 	Overall reconnaissance
 
2. 	Sampling of representative systems
 
3. 	Determination of feature-related processes
 
4. 	Comprehensive, regional exploration and
 
exploitation.
 
Tables 3, 4, 5 and 6 identify the major characteristics
 
of the levels. The remainder of this section discusses the
 
objectives, rationale, site selection, and requirements of
 
each of the levels.
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4.1 Level I - overall Reconnaissance
 
This level will consist of complete selenodetic,
 
selenographic, and selenologic surveying and mapping of the
 
lunar surface. Specifically this activity will identify and
 
classify major surface features and general surface composition,,
 
and will characterize the moon's near-space, particle and field'
 
environments. The purpose of this level is to provide data for'
 
the selection of sites for first-hand exploration in later
 
levels and to provide a comprehensive framework of hypotheses
 
concerning the moon's origin and evolution with which to evalute
 
and correlate the data resulting from later levels. Surface
 
features will be compared with terrestrial features; particle
 
and fields analysis will characterize the moon's interaction
 
with the solar plasma; and perturbations of the lunar magnetic
 
field will be used to form concepts of the moon's interior.
 
Selenologic analysis should provide initial indications of
 
those areas most probably conducive to biologic or prebiologic
 
formation and support.
 
Level 1 demands a complete orbital survey capability 
around the moon which will map the surface in all wavelengths 
of interest (radio through Y rays) and provide complete 
particie and fields environmental data. The spatial resolu­
tions are required in successive orders of magnitude beyond 
those which earth-based observations can achieve. Lunar 
Orbiter has provided photographic coverage of much of the moon
 
at a resolution of 100 meters and of small areas at 1 to 10 meters,
 
This should be extended to 1-meter resolution with full
 
coverage in the visual spectrum, and to about 10-100 meters'
 
at all other wavelength regions of interest.
 
Ideally remote sensing should provide for all
 
areas and all phase angles. This is best satisfied by a polar
 
orbital capability for an aggregate of six months and having
 
an overall experimental capacity in excess of 1000 lbs. of
 
remote sensing instruments.
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TABLE 3
 
LEVEL 1. - OVERALL RECONNAISSANCE
 
Rationale: Map moon All X of interest
 
All phases
 
High resolution
 
Total coverage
 
Map particles and fields
 
Results: 	 Selenodetic, selenographic, selenologic maps
 
Interaction of plasma with absorbing body
 
Ist order understanding of moon
 
Generation of multiple hypotheses
 
Data for site selection (Levels 2, 3, 4)
 
,Requiements: 	 Survey and mapping experiments li000 lbs.
 
(aggregate)
 
All phases requires 6 months
 
Polar orbit essential for mapping
 
Very low, eccentric orbit for some P/F expts.
 
Mission Concepts: 	 Medium automated orbiters
 
Apollo CSM
 
CSM orbiter (polar)
 
Lunar orbital base
 
Subsatellites
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4.2 Level 2 - Sampling of Repr@sentative Systems
 
This level will consist' of point landings.at sites
/ 
selected as being representative of the entire moon or of
 
lunar provinces and important features;: limited exploration of,
 
and sample retrieval from, the immediate areas; in-situ
 
selenophysical measurements;'and particle and field measurement.
 
Specifically, this activity will permit the identification and
 
classification of representative surface materials according
 
to composition, age, biological content, and physical properties.
 
The primary accomplishments of this level, resulting from
 
missions to numerous sites, will:be the ptovision of tepresenta­
tive ground-truth data to calibrate the orbital data of- Level 1,
 
a good probabilistic determination of the past or present
 
existence of biological or- preb-iological forms, a further
 
determination of the homogeneity or'extent'of heterogeneity
 
of lunar systems, a first-order determination of the presence
 
of water and exploitable minerals, and an evaluation of
 
restrictions on future mobility and shelter emplacement.
 
This information will prove or disprove current
 
theories regarding the orfgin and evolution of the moon and its
 
similarities to, and differences from the earth's crustal
 
characteristics. This level will provide the most useful
 
data regarding the possibilities of life-forms in that it
 
will relate any biologic evidence with compositional and
 
structural features and thereby greatly increase the probability
 
of selecting the most promising biological sites for later
 
levels. Information gathered on mobility and-exploitable
 
resources will also be highly useful in selecting sites,
 
choosing methodology, and designing equipment for later levels
 
of exploration.
 
.According to the rationale of Level 2, the individual
 
mission sites must be chosen to represent homogeneous provinces
 
and/or scientifically significant features. The homogeneous
 
sites must have characteristics, in so far as can be determined
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TABLE 4 
LEVEL 2. - SAMPLING OF REPRESENTATIVE'SYSTEMS 
Rationale: Provide ground truth for Level 1 data 
Characterize homogeneous systems 
Results: Selection from major origin theories 
Gross characterization of moon 
Confirm or deny hypotheses from Level 1 
Generation of hypotheses on lunar processes 
Bound range of variables 
Requirements: Point landing 
Sites typical of lunar provinces 
Sample collection from homogeneous area 
Limited mobility 
Emplaced selenophysical experiments 
Mission Concepts: Automated Lander 
Automated Sample Return 
Apollo LM 
Manned Rover 
Automated Rover 
Dual Mode Rover 
Type Areas: Homogeneous 
Oldest mare 
Median age mare 
Youngest mare 
Upland old crater interior 
Upland intercrater chaos 
Upland fill 
Basin ejecta blanket 
Farside uplands 
Farside mare 
Significant 
Young crater 
Central peak 
Volcanics 
Diatreme 
"Ring dike" 
Sinuous rilles 
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from Level 1, which are typical of the province where they lie,
 
so that the information obtained from each site is of signific­
ance regarding a large portion-of the moon, or hopefully the
 
entire moon. By this definition it is to be understood, once
 
such a homogeneous province has been defined, that the actual
 
location-of the landing site within the province is not
 
critical and that a long traverse -capability is not required.
 
Large fractions of the various-lunar maria, the majority of
 
exposed ejecta -from Imbrium or Orientale,and portions -of the
 
cratered upland plains between Maurolycus and Janssen are
 
examples of areas where Level-2 landing sites would yield the
 
desired information.
 
In contrast to the homogeneous site, a -second class
 
of Level-2 sites is representative of significant features.
 
These individual features will definitely lack internal
 
homogeneity, but each feature must represent a homogeneous
 
class of features. In this case, the actual touch down point
 
is of importance in that it must be very close to the specific
 
feature of interest. The-purpose of this -class mission fs
 
to determine the -general characteristics of a particular type
 
of feature rather than to determine its detailed structure,
 
etc. Examples of such sites include one or more of the Marius
 
hills, a fresh impact crater, a central peak, and a sinuous
 
rille.
 
In either case, the common characteristic of Level-2
 
sites is that they are representative of major portions of
 
the moon, and therefore provide general knowledge of its
 
physical- characteristics.
 
The 10 selected Apollo sites are described briefly in
 
Appendix A.. Generally they-conform to the Level-2 definition
 
above. Measurements at the selected Apollo sites will fulfill
 
60-70% of the Level-2 objectives. In addition they can'pro­
vide a first look at Level-3 sites but do not fulfill Level-3
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4.3 
objectives, because of the limited mobility and experimental
 
capacity of Apollo missions.
 
Level-2 activity requires the capability to land on
 
the moon and return to earth, at least two men, preferably
 
scientists,a minimum of 1-km mobility of one man, life support
 
for l-to-3-day stays, and experimental equipment. The experi­
mental equipment will include provision for sample collection
 
and return, seismometry, life detection, and measurement of
 
heat flow, atmosphere, and environmental particles and fields.
 
Level 3 - Determination of Feature Related Processes
 
This level of activity provides for understanding of
 
the individual processes that have shaped the lunar surface.
 
Its primary distinctions from Level 2 are that it applies
 
to features that will unambiguously reveal the processes which
 
formed them,and that it requires an extended stay time and
 
traverse capability. It will provide ground-truth' data to
 
calibrate the interpretations of the processes indicated in the
 
orbital survey of Level 1, and it will provide for an extensive
 
pruning of the theories of lunar evolutionary events.
 
In contrast to Level-2 sites, Level-3 sites will most
 
probably all lack any physically homogeneous characteristics,
 
since this phase is devoted to the examination, identification,
 
and classification of significant lunar processes. In this
 
case the sites are to be selected on the basis of their forma­
tion by a single lunar process. In concept, it should not be
 
difficult to determine unambiguously the characteristic signa­
tures of the processes, signatures that will be required for
 
a determination of the developmental history of complex areas
 
where many such processes have acted. Examples of "process"
 
sites are areas where maria fill material has originated and
 
been deposited (i.e., fresh lava flows), recent impact craters,
 
areas of recent mass wasting, and dimple craters.
 
ExplQitation attains some prominence in Level 3.
 
Considerable attention will be given to evaluating exploitable
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TABLE 5
 
LEVEL 3. - DETERMINATION OF FEATURE RELATED PROCESSES
 
Rationale: 	 Analyze structural, stratigraphic,
 
petrographic and other physical relation­
ships of individual features to indicate
 
process of formation
 
Results: 	 Identification and characterization of
 
individual processes
 
Confirm or deny theories and-hypotheses
 
Requirements: 	 Mobile science payload (100 km)
 
- Man is essential, for observation, 
understanding, and interpretation 
Staytime 2-6 weeks
 
Extensive leave behind science to
 
monitor activity
 
Shallow and medium drill
 
Sites exemplifying individual processes
 
Mission Concepts: 	 3 men - 14 day crew capsule (using
 
orbital base)
 
3 men - 90 day shelter (using orbital base)
 
6 men - 60 day shelter
 
Dual mode ROVER'
 
2 men - mobile shelter
 
LFU (vertical mobility)
 
Type Processes: Convection Mare - upland interaction 
Mascon formation Wrinkle ridge formation 
Basin formation Mare ghost ring origin 
Faulting Slumping 
Cratering Atmospheric processes 
Ejecta emplacement Surface differentiation 
Radial lineaments Volcanism 
Lava emplacement Dark halo crater origin 
Ring.dikes formation
 
Grid system formation
 
Sinuous rille processes
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4.4 
resources, particularly water, oxygen, and minerals, and to
 
the possible means for their acquisition. Moreover, the
 
traverse capability required for Level 3 affords an excellent
 
opportunity to test various techniques and equipment. In
 
particular, Level 3 will be highly instrumental in developing
 
the rovers, flyers, mobile science and in-situ analysis packages
 
that will become standard equipment for permanent bases to be
 
established in Level 4.
 
The accomplishment of Level 3 will require what
 
amounts to an order of magnitude extension of Level-2 capabili­
ties. Greater payloads will have to be landed on the surface.
 
Stay time will have to be extended to 2-6 weeks. Mobility will
 
have to be increased to some 100-km radii, and three dimensional
 
(including depth) investigations must be included. Greater
 
capability will be required for mobile experiments and in-situ
 
analysis. Among the more important capabilities are those
 
required for multiple measurements across large areas, active
 
seismic experiments, shallow drilling, gravimetry, magnetometry,
 
heat flow and electromagnetic probing.
 
Level 4 - Comprehensive Regional Exploration and
 
Exploitation
 
Level 4 will provide a full understanding of the moon
 
as a planet and will coalesce the data of all previous levels
 
into a time sequence of the events that have lead to its present
 
state. Because the methodologies adopted in Level 4 are so
 
dependent on the results of prior activities, Level 4 cannot be
 
as well defined as the preceding levels. Current information,
 
however, fairly well establishes the feasibility of permanent,
 
manned, surface bases if we are eventually to achieve complete
 
lunar exploration and exploitation. The key to Level - 4
 
methodology will be in-situ analysis, and may very well include
 
a full scale investigation of lunar biota if prior results
 
reveal their presence. Characteristic of the activity will be
 
long traverses, detailed experiments (emplaced and mobile)
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TABLE 6 
LEVEL 4. - COMPREHENSIVE REGIONAL EXPLORATION 
AND EXPLOITATION 
Rationale: Synthesize the characteristics and 
processes into a unified understanding 
of the sequence of formation of the 
moon and its features 
Results: Understanding of moon as a planet 
Theories of solar system origin 
and evolution 
Better understanding of earth 
Identification and quantification 
of resources 
Basis for colonization 
Exploitation 
Requirements: Men essential as explorers 
Large range mobile science (100 km) 
Permanent bases 
Complete in situ analysis 
Mission Concept: Lunar surface base 
Type Areas: Multiple process sites which are 
not chaotic 
Unique features 
Any part of Moon accessible 
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4.5 
requiring a full complement of scientific equipment, medium
 
and deep drilling, and the establishment of biomedical, physics,
 
and astronomical laboratories to take advantage of the moon's
 
characteristics for science not necessarily related to the
 
moon itself,
 
Therefdre 3 the first permanent sites will open vast
 
areas of the moon to continued exploration, and the criteria
 
for choosing them will be influenced by the number of scientifi­
cally interesting provinces and features within the radius of
 
traverse from the base,and by the availability of local re­
sources. Site selection for each lunar base will be extremely
 
important, depending on nearby features, resources, logistics,
 
etc. In AS/IITRI Report P-32, Objectives of Permanent Lunar
 
Bases, Mare Orientale is discussed (from a strictly scientific
 
viewpoint) as a possible site for the first lunar base.
 
The primary requirements for accomplishment of Level 4
 
are (the) permanent base(s), with their attendant life support
 
and logistic support system; 1000-5000-km mobility; deep drilling
 
rigs; and comprehensive science equipment -- all conceptual
 
systems that will need the experience gained in prior levels
 
in order to be effectively designed and used.
 
Desired Sequencing of Lunar Exploration Program
 
The four levels of exploration, as discussed above,
 
are not directly sequential. The approach to lunar explora­
tion is one of a gradually increasing depth of understanding
 
which can take full advantage of new facts as they are
 
learned. There is necessary feedback among all the levels,
 
and full use of this characteristic can be made only by
 
parallel progress within all levels. The attached Fig. 1
 
shows such a desired progression of achievement. Each of the
 
levels is shown as a shaded bar on a linear scale of percentage
 
accomplishment. These dashed lines indicate different times
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3 
in the future, denoted as tl, t2, t3, and t4, where t4 is the
 
farthest in the future, t3 is the second farthest, etc. The
 
exact years corresponding to t1, ..., t4 are flexible and will
 
depend on NASA's level of funding' Under the most optimistic
 
assumptions, successive t's are about 5 years apart.
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5. 	 OVERALL CORRELATION OF OBJECTIVES, TECHNIQUES,,
 
AND LEVELS
 
Table 7 correlates individual scientific objectives
 
with specific measurement techniques. The vertical columns
 
correspond to scientific objectives, listed from left,to right
 
according to "Science Areas", then "Broad Objectives", finally
 
"Specific Objectives". The horizontal rows correspond to
 
measurement techniques, listed from top to bottom according
 
to "Measurement -Areas", "Broad Techniques", and "Specific
 
Techniques". (In each case there is a small amount of dupli­
cation, because, some specific items fall into more than one
 
broad category.) Where a certain technique is applicable to
 
a certain objective at a certain level of exploration, the
 
symbol for that level is entered at the intersection of the
 
appropriate column and row.
 
This table provides a complete, overall view of total
 
lunar exploration, from initial brbiters to final, permanent
 
surface bases. It may be used to evaluate the ease of investi­
gating a certain objective, the applicability of a certain
 
technique, or the potential accomplishments of a certain level
 
of exploration.
 
Basically, Table 7 is merely a summary of the
 
information in Part II. For detailed information, one should
 
turn to the latter information, whidh is a catalogue of all
 
pertinent data relative to the scientific objectives: the
 
complete definition-of each objective, our present knowledge
 
of it, and how this knowledge will be increased under each of
 
the four levels of exploration.
 
Obviously, to some extent, every measurement tech­
nique is relevant to every objective. This chart does not
 
show that; rather itshows only the major techniques which
 
pertain to any objective. The chart shows only those techniques
 
used on the Moon itself. Analysis of returned samples is summed
 
up under Sample Collection (Bl.l). Also, the chart does not
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include Level 4 science. As is evident from Part II, it was
 
felt that our present knowledge of the Moon is not sufficient
 
to specify the details of Level 4 investigations, which would
 
include deep drilling and in situ analysis. However, to provide
 
for future updating of the chart, such techniques were included
 
in the overall list. This, and the fact that several techniques
 
were indeed found to be relatively inapplicable to the objectives,
 
explains the existence of several blank rows in the chart.
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6. APPLICATION TO NASA MISSION PLANNING
 
Having correlated objectives, techniques, and levels,
 
we must attempt to answer the question, "How should we use
 
this correlation?" The basic answer is, "to make decisions
 
regarding the future of lunar exploration." As a first
 
approximation, let us see which techniques apply to the most
 
objectives. This is expressed in Table 8 and Figures 2 and 3.
 
We see -that, for Level 1, the panoramic camera is "most useful",
 
the metric camera, IR to UV imager and laser ranger, are each
 
"second most useful", etc. Similarly, for Level 2, the
 
passive seismometer is "most useful" and heat flow probes are
 
"second most useful". Of course, a certain amount of
 
arbitrariness must inevitably creep into something as compli­
cated as Table 7, and we would not insist on the exact ordering
 
of importance of techniquesr Nevertheless the general ordering
 
is relevant, and it is certainly clear, for example, that
 
the laser ranger (A1'3) will apply to considerably more
 
scientific objectives than the neutral particle detect6r,(A3.4),
 
and should certainly be given priority over it.
 
The approximate relative degree of usefulness.should
 
always be a major consideration in deciding whether to include
 
a certain instrument on a certain mission. Of course other
 
considerations, such as cost, availability, reliability, weight,
 
power, etc., also come into play, and this report cannot
 
reach any final decisions on such matters. Nevertheless, with
 
proper advance6 planning, problems of availability, reliability,
 
weight, and power can usually be solved well in advance ,of a
 
mission. And, assuming that the differences in a priori cost
 
of most of these instruments is negligible compared to the cost
 
of an entire manned mission, the overriding consideration in­
deed remains the scientific value of the experiment.
 
Thus, in general, the best overall strategy is to
 
use the techniques in order of scientific importance, putting
 
as many as possible on each mission. This strategy applies
 
regardless of the level of funding. If funds (and therefore
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NUMBER OF OBJECTIVES 
0 2 4 6 8 10 ,2 14 
A2.6 PANORAMIC CAMERA 
A2.5 METRIC CAMERA 
A2.4 IfR TO UV IMAGER 
AI.3 LASER RANGER 
A2.1 MICROWAVE RADIOMETER 
A2.2 IR RADIOMETER 
A2.7 VIS-UV SPECTROMETER 
A2.3 IR SPECTROMETER 
ALI LF RADAR 
A2.9 FLUORESCENCE X-RAY DETECTOR 
A3.6 MAGNETOMETER 
A2.10 Y-RAY SPECTROMETER 
A3.7 GRAVITY MEASUREMENTS 
AI.2 RADAR IMAGER 
A2.8 , " LYMAN-a TELESCOPE 
A3.2 .. * CHARGED PARTICLE DETECTOR 
B2.7 TOTAL PRESSURE GAUGE 
A3.5 MICROMETEOROID DETECTOR 
A3.3 COSMIC RAY DETECTOR 
A3.4 NEUTRAL PARTICLE DETECTOR 
A3.1 t PLASMA PROBE 
B5.5 .MASS. SPECTROMETER 
- TECHNIQUE 
FIGURE 2. APPLICABILITY OF ORBITAL TECHNIQUES TO OBJECTIVES, LEVEL I. 
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NUMBER OF OB4JCTIVES
 
0 2 A4 6 	 10 12 
84,? PASSIVE SEISMOMETER 
B4.2 HEAT FLOW PROBES 
B3.2 SHALLOW DRILL 
B4.9 MAGNETOMETER 
84.8 ACTIVE SEISMOMETER 
83.1 HAND CORER 
LEVEL 2 
B5.5 	 MASS SPECTROMETER 
81.2 	 HAND CAMERA 
B4.3 THERMAL CONDUCTIVITY METER 
B2.2 COSMIC RAY DETECTOR 
B2.1 PLASMA PROBE 
B2.7 TOTAL PRESSURE GAUGE
 
AI.I LF RADAR
 
83.3 MEDIUM DRILL 
81.4 PETROGRAPHIC MICROSCOPE 
B3.2 SHALLOW DRILL 
B4.7 PASSIVE SEISMOMETER LEVEL .3 :"1 

B4.8 ACTIVE SEISMOMETER 
84.6 STRAIN GAUGE 
B4.4 TILTMETER 
B4.2 HEAT FLOW PROBES
 
B3.1 	 HAND CORER 
81.2 	 HAND CAMERA 
84.9 MAGNETOMETER 
B2.4 MICROMETEOROID DETECTOR 
B5.5 NEUTRON-ACTIVATION ANALYSIS 
A2.1 MICROWAVE RADIOMETER 
A2.2 IR RADIOMETER 
TECHNIQUE 
FIGURE 3. 	 APPLICABILITY OF TECHNIQUES TO OEJECTIVES, LEVELS 2 8 3. 
(Not including sample collection (BI.I)andjjdnd tools (BI.3)) 
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missions) are scarce, it becomes all the more important not
 
to let a relatively unproductive technique usurp the place of
 
a more productive one. If funds (and missions) become plentiful,
 
knowledge of relative priorities is necessary to decide how
 
many times to use a productive technique; how often to use it;
 
how the less productive ones should be scheduled with the
 
more productive ones to insure the best overall results,
 
and best feedback for next-phase instrument design and mddifi­
cation; and so forth,
 
The ultimate goal is, of course, to ensure a maximum
 
scientific return per dollar, whatever the level of funding.
 
It is our hope that this report will provide the appropriate
 
guidelines to instrument .priorities and optimum ordering of
 
successive steps of exploration. Essentially, when funds
 
are scarce, the steps must be carried out slowly; if funds
 
become plentiful, the rate may be increased. In either case
 
this report indicates the appropriate sequence.
 
I 
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7. A SPECIFIC EXAMPLE: APOLLO
 
As an example of the usefulness of this report, we
 
shall ask the question, "How effective has the Apollo program
 
been, so far, in increasing our knowledge of lunar science
 
obj ectives?" 
To date, four Apollo flights have inolved putting
 
men (in a CSM) into orbit around the Moon: on two of these
 
flights, men (in a LM) have landed on the Moon. These missions
 
have undeniably been the greatest technical accomplishments in
 
the history of mankind. Apollo 11 left, on the moon, a laser
 
retro-reflector and a passive seismometer. Apollo 12 left (1)
 
a passive seismometer, (2) a tri-axis magnetometer, (3) a solar
 
wind spectrometer, (4) a suprathermal ion detector, (5) a
 
cold cathode ionization gauge, and (6) a dust detector.
 
According to Figure 3, the passive seismometer is
 
indeed the most useful instrument to leave behind. The
 
magnetometer is also important. However, instruments (3), (4),
 
(5), and (6) are of relatively little value for the investigation
 
of the lunar science objectives discussed herein, i.e. those
 
relating to (1.) Origin, (2.) Life, and (3.) Evolution (p. 5),
 
Use of a shallow drill, and emplacement of a heat flow probe,
 
would be much more effective in such an investigation.
 
However, although the Apollo surface experiments
 
correspond fairly closely to the main ideas expressed in this
 
report, the orbital experiments (or lack thereof) differ
 
widely from them. A great deal of scientific knowledge could
 
have been obtained already from the CSM, Virtually any of
 
the orbital techniques could have been employed, to gather a
 
wealth of information about many different lunar science
 
objectives. The order of priority is roughly given by Table 8;
 
after the panoramic camera the order of importance is metric
 
camera, IR to UV imager, laser ranger, etc. Of course each
 
of these experiments, to be reasonably effective, must operate
 
all the time, thus gathering data on all the terrain over
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TABLE 8 
SUMMARY OF APPLICABILITY OF TECHNIQUES
 
LEVEL I
 
Technique 

A2.6 Panoramic Camera 

A2.5 Metric Camera 
A2.4 IR to UV Images 
A1.3 Laser Ranger 
A2.1 Microwave Radiometer 
A2.2 IR Radiometer 
A2.7 Vis-UV Spectrometer 

A2.3 IR Spectrometer 

A1.1 LF Radar 

A2.9 Fluorescence X-ray 

Detector 

A3.6 Magnetometer 

A2.10O-ray Spectrometer 

Number of
TechniquesObjectives
 
15 

13 

13 

13 

12 

1i 

1i 

10 

10 

9 

8 

8 

1.9, 1.10, 3.2, 3.3, 3.5,
 
3.9, 3.10, 3.11, 3.19,
 
3.25, 3.28, 3.30, 3.32,
 
3.33, 3.35
 
1.7, 3.1, 3.3, 3.4, 3.8,
 
3.11, 3.16, 3.23, 3.24,
 
3.28, 3.29, 3.30, 3.34
 
3.3, 3.4, 3.6, 3.8, 3.11,
 
3.12, 3.14, 3.17, 3.21,
 
3.22, 3.25, 3.33, 3.35
 
1.7, 3.1, 3.3, 3.4, 3.8,
 
3.11, 3.16, 3.23, 3.24,
 
3.28, 3.29, 3.30, 3.34
 
1.1, 3.2, 3.3, 3.8, 3.11,
 
3.19, 3.25, 3.27, 3.29,
 
3.30, 3.32, 3.33
 
1.1, 3.2, 3.3, 3.8, 3.11,
 
3.19, 3.25, 3.27, 3.29,
 
3.30, 3.33
 
1.4, 1.5, 1.6, 3.3, 3.4,
 
3.6, 3.7, 3.8, 3.12,
 
3.20, 3.35
 
1.4, 1.5, 1.6, 3.3, 3.4,
 
3.6, 3.7, 3.8, 3.12, 
3.35
 
1.8, 3.2, 3.3, 3.4, 3.5,
 
3.6, 3.7, 3.11, 3.16
 
3.19
 
1.4, 3.3, 3.4, 3.6,
 
3.7, 3.8, 3.12, 3.17,
 
3.35
 
1.2, 1.7, 3.1, 3.24, 
3.31, 3.34, 3.36, 3.38 
1.3, 3.3, 3.4, 3.6, 3.7, 
3.8, 3.12, 3.35
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Table 8 (Continued)
 
Technique Number of
Objectives 

A3.7 Gravity Measurements 5 

Al.2 Radar Imager 4 

A2.8 Lyman-A Telescope 3 

A3.2 Trapped Particle 2 

Detector
 
B2.7 Total Pressure Gauge 2 

A3.5 Micrometeoroid 1 

Detector
 
A3.3 Cosmic Ray Detector 1 

A3.4 Neutral Particle 1 

Detector
 
A3.1 Plasma Probe 1 

B5.5 Mass Spectrometer 1 

Objectives
 
1.7, 3.1, 3.23, 3.24,
 
3.34
 
3.11, 3.28, 3.29 3.30
 
3.20, 3.21, 3.22
 
1.3, 3.38
 
3.20, 3.22
 
3.14
 
3.38
 
3.38
 
3.38
 
3.20
 
LEVEL 2 (Not including Sample Collection (B1.1) and Hand Tools(Bl.3))
 
B4.7 Passive Seismometer 
B4.2 Heat Flow Probes 
B3.2 Shallow Drill 
B4.9 Magnetometer 
B4.8 Active Seismometer 
B3.1 Hand Corer 
B5.5 .Mass Spectrometer 
B1.2 Hand Camera 
- 8 
8 
6 
5 

4 

3 

3 

2 

B4.3 Thermal Conductivity 2 
Meter 
B2.2 Cosmic Ray Detector 1 
B2.1 Plasma Probe 1 
1.2, 1.7, 1.8, 1.9, 3.1,
 
3.4, 3.25, 3.26, 3.34
 
1.1, 3.1, 3.4, 3.23,
 
3.31, 3.32, 3.33, 3.34
 
1.1, 1.4, 1.5, 1.6,
 
3.10, 3.32
 
1.2, 3.23, 3.34, 3.36,
 
3.38
 
1.2, 3.1, 3.4, 3.34
 
1.4, 1.5, 1.6
 
3.20, 3.21, 3.22
 
3.9, 3.19
 
i;l, 3.32
 
3.38
 
3.38
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Table 8 (Continued)
 
Technique. 	 Number of
Objectives Objectives
 
B2.7 Total Pressure 1 3.20
 
Gauge
 
Al.l LF Radar 1 	 3.19
 
LEVEL 3 (Not including Sample Collection(Bl.l)and Hand Tools(Bl.3))
 
B3.3 Medium Drill (350m) 12 	 3.2, 3.4, 3.5, 3.8,
 
3.9, 3.11, 3.12, 3.14,
 
3.17, 3.19, 3.27, 3.30
 
Bl.4 Petrographic* 9 3.3, 3.4, 3.6, 3.8,
 
Microscope 3.10, 3.11, 3.12, 3.17,
 
3.19 
B3.2 Shallow Drill (3m) 9 3.3-, 3.4, 3.6, 3.8, 
3,10, 3.12, 3.14, 3.19, 
3,28 
B4.7 Passive Seismometer 6 3.2, 3.4, 3.11, 3.14, 
3.26, 3.30 
B4.8 Active Seismometer 6 3.7, 3.8, 3.9, 3.10, 
3.11, .3.30
 
B4.6 Strain Gauge 5 3.2, 3.5, 3.27, 3.29,
 
3.30
 
B4.4 Tiltmeter 5 3.2, 3.5, 3.27, 3.29,
 
3.30
 
B4.2 Heat Flow Probes 4 3.4, 3.11, 3.14, 3.27
 
B3.1 Hand Corer 2 3.12, 3.28
 
B1.2 Hand Camera 2 3.18, 3.28
 
B4.9 Magnetometer 1 3.11
 
B2.4 Micrometeoroid 1 3.19
 
Detector
 
B5.5 Neutron Activation 1 3.28
 
Analysis
 
A2.1 Microwave Radiometer 1 3.29
 
A2.2 IR Radiometer 1 3.29
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which the CSM passes. In fact, the only experiment conducted
 
by the CSM was occasional panoramic photography'from a handr­
held camera. We feel that, whereas the surface experimen­
capability is being used well, the orbital experiment capability
 
presently is not. This will change with the introduction of
 
CSM orbital payloads and subsatellites, starting with Apollo 16.
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8. 	 CONCLUSIONS AND RECOMMENDATIONS
 
We conclude:
 
I.- That a clear outline of overall lunar science
 
objectives is a necessary input to any lunar
 
miss-ion,planning. This,report has provided
 
such an outline, along with a detailed sum­
mary of our present knowledge of lunar science.
 
2. 	That an outline of available measurement
 
techniques, with a detailed correlation showing
 
how each technique pertains to each objective,
 
is a further necessary input; this-report also
 
provides that information.­
3. 	That the optimum overall strategy of lunar .ex­
ploration can be best expressed in terms of
 
four levels of exploration:.
 
I. 	Overall reconnaissance
 
2. 	Sampling of representative systems
 
3. 	Determination of feature-hrelated
 
processes
 
.4.. Comprehensive, regional exploration and
 
exploitation.
 
These levels are not directly sequential, but
 
they involve, successively, a greater depth of
 
understanding-of lunar science.
 
4. 	That an-overall correlation, of bbjectives, 
techniques, and levelsis;another necessary 
input to lunar mission planning. . Only by taking 
such an approach -cnone achieve a 'feeling for 
the relative ease of learning about a certain 
objective, the relative applicability to lunar 
-science of a certain technique, and the
 
appropriate scientific measurements for each
 
exploration level,
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5. 	That some measurement techniques are con­
siderably more applicable to lunar science than
 
others, and that this relative applicability
 
should be the- prime consideration in the making
 
of decisions regarding the appropriate tech­
niques to incorporate into a given mission.
 
6. 	That, although the Apollo program has performed'
 
relatively well in the area of surface science,
 
it has incorporated only a small fraction of
 
available techniques applicable to orbital
 
science.
 
7. 	That the outline of exploration levels and in­
strument -priorities given herein is valid,
 
regardless of the level of NASA funding. Where
 
funds are scarce, progress is slow; where they
 
are plentiful, progress is rapid. But the
 
sequence and priorities are valid in either case.
 
We recommend:
 
1. 	That the overall strategy of lunar exploration
 
be oriented toward maximizing the rate of in­
crease of scientific knowledge about the moon.
 
2. 	That potential scientific return be a basic
 
factor in the planning of any new lunar mission,
 
from its inception.
 
3. 	That presently scheduled lunar missions be re­
evaluated, with respect to ascertaining whether
 
the scheduled measurement techniques are indeed
 
those most appropriate for maximizing the rate
 
of increase- of our knowledge of lunar science.
 
4. That, where scheduled techniques do not fulfill
 
this criterion, they be made toyield priority
 
to others which do fulfill it.
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5. 	That lunar exploration be made'to evolve
 
according to the "four-level" scheme of ex­
ploration, so as to maximize the rate of
 
scientific return.
 
6. 	That these ideas be kept in the forefront
 
regardless of the level of funding, so as to
 
insure a maximum scientific return consistent
 
with whatever funds are available (with the
 
understanding, of course, that more funds mean
 
a higher rate of scientific return).
 
7. 	That, insofar as it is-possible, remaining
 
Apollo missipns be -analyzed to ascertain the
 
scientific relevance of planned measurement
 
techniques, and that, where planned techniques
 
-are relatively inapplicable to lunar science
 
objectives, they be made to yield priority
 
to more relevant ones.
 
8. 	That on future Apollo- missions, far more
 
orbital science-be -conductedwith the CSM
 
and/or subsatellites.­
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PART II
 
DETAILED DEFINITION OF OBJECTIVES
 
The individual scientific objectives are described
 
in detail on the following pages. In each case the objective
 
is precisely defined, our present knowledge of it is summarized,
 
and the optimum strategy for increasing this knowledge is
 
described, citing the specific techniques appropriate to each
 
level of exploration.
 
Because Levels I and 2 are now in progress, we may
 
easily understand the approach that should be taken with
 
respect to them; accordingly for these levels, the techniques
 
are quite precisely defined. &n the other hand, Level 3 and,
 
,especially, Level 4, must await future capability; accordingly
 
the corresponding techniques are not so precisely specified.
 
The literature search on which this section is based
 
extends through January, 1970, and specifically includes the
 
Apollo 11 Lunar Sample Report, Science, January 30, 1970.
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1.1 HEAT FLOW
 
Objective: 	 To determine whether the Moon had a hot or
 
cold origin.
 
Present
 
Knowledge of
 
Objective: Baldwin (1961) estimated the heat flow as
 
2.5 x 10-7 cal/cm2 sec and Krotikov and
 
Troitskii (1964) claimed a measurement of
 
1.3 x 10-6 cal/cm2 sec. In IR studies of the
 
Moon, particularly during lunar eclipses,
 
searches have been conducted for thermal
 
anomalies (Hunt et al 1968; Hunt et al. 1969).
 
Although "hot spots" have been found in areas
 
not illuminated by the Sun (Shorthill et al.
 
1965), there is no clear evidence that they
 
represent anything other than slow release of
 
stored solar energy (Waldbaum 1969; Allen and
 
Ney 1969).
 
Level 1: 	 Identify the areas of excessive or anomalous
 
heat flow.
 
IR (A2.2) and R-wave (A2.1) mapping of the
 
Moon with resolution of 100 meters (10-1
 
meter resolution in anomalous areas);

photography 	as back-up.
 
Level 2: 	 Determine the general level of heat flow from
 
the interior.
 
Shallow drills (3 meters) (B3.2) with heat
 
flow probes (B4.2).
 
Thermal conductivity (B4.3) (requires days
 
per measurement - leave package behind).
 
Level 3: 	 No measurements directly related to the
 
origin.
 
Level 4: 	 Define detailed heat budget of the Moon.
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1.2 DEEP TSOTHERMS
 
Objective: 	 To determine the distribution and nature of
 
heat sources and sinks within the Moon.
 
Present
 
Knowledge of
 
Objective: The surface temperature of the Moon is -390°K
 
(noon), -^900K (before dawn) (Allen and Ney
 
1969). Upper limits on lunar magnetic field
 
behavior and mascon creep rate imply an upper
 
limit of 900C on the Moon's internal temper­
aturey in complete disagreement with models
 
based on radioactivity and the equation of
 
heat conduction 	(Gilvarry 1969). Lunar
 
thermal models have been developed by Fricker
 
et al. (1967), MacDonald (1961), Kopal et al.
 
(1962) and others.
 
Level 1: 	 Determine internal variations of temperature
 
within the Moon.
 
Magnetometry (A3.6) - to give electrical
 
conductivity which is related to thermal
 
properties.
 
Level 2: 	 Define general interior thermal characteristics,
 
Magnetometry (B4.9) - use magnetic field to
 
plot conductivity and hence the thermal
 
state of sources and sinks.
 
Seismometry, passive (B4.7), with active
 
(B4.8) phase, to determine general temper­
ature gradients in the Moon (10-20 sites).
 
Level 3: 	 No measurements directly related to the
 
origin.
 
Level 4: 	 Completely define the thermal distribution
 
within the Moon.
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1.3 ISOTOPES
 
Objective: 	 To determine isotopic ratios of the Moon for
 
direct comparison with the Earth and other
 
planets as indicative of origin.
 
Present
 
Knowledge of
 
Objective: A wealth of information is given in Science,
 
1-30-70, especially pp. 533-82.
 
Level 1: 	 Map the distribution of radioactive isotopes
 
over the Moon.
 
.Y-ray spectrometry (A2.10); 100-meter
 
resolution with 10-1 meters in specific
 
areas, a-particle spectrometry (A3.2).
 
Level 2: 	 Determine general isotopic ratios representa­
tive of the materials in major provinces.
 
Sample collection at typical homogeneous
 
areas. (BI.1, B1.3)
 
Level 3: 	 No measurements directly related to the
 
origin.
 
Level 4: 	 Determine detailed distribution of isotopes
 
throughout the Moon. Define separation
 
mechanism for isotopes.
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1.4 ELEMENTS
 
Objective: 	 To compare the elemental composition of the
 
Moon with the Earth and other planets to
 
provide data on origin.
 
Present
 
Knowledge of
 
Objective: At present, this is known most accurately for
 
the Apollo 11 lunar samples. Science, 1-30-70,
 
contains a wealth of information. The summary
 
states (p.4 50): "The chemical compositions of
 
all the igneous rocks are remarkably similar
 
except for the concentration of K, Rb, Cs, U,
 
Th, and Ba. These elements distinguish two
 
groups of igneous rocks: in general, the fine
 
grained rocks contain more of these elements
 
than the coarse grained rocks. All rocks have
 
unusually high concentrations of Ti, Sc, Zr,
 
Hf, Y, and trivalent rare earth elements, and
 
low concentrations of Na. One of the most
 
striking features of the igneous rocks is the
 
low abundance of Eu relative to other rare
 
earth elements. Some of the more volatile
 
elements, e.g. Bi, Hg, Zn, Cd, TI, Pb, Ge, Cl,
 
and Br, are significantly depleted with respect
 
to their presumed abundance in the primitive
 
solar system. The composition of the soils
 
and breccias is similar to but distinguishable
 
from the igneous rocks and clearly shows that
 
they contain at least one other "rock" component
 
distinct from the lunar basalts we have sampled.
 
The soil is also enriched in Ni and volatile
 
elements (Cd, Zn, Ag, Au, Cu, TI) that occur in
 
high abundances in carbonaceous chondrites.,
 
This enrichment is consistent with the observed
 
occurence of meteorite material in the soil".
 
Results of Surveyors 5 (Mare Tranquillitatis),
 
6 (Sinus Medii); and 7 (N. rim of Tycho) yield
 
compositions similar to terrestrial basalts,
 
except that Surveyor 7 measured a lower Fe­
group content than Surveyors 5.and 6 (Patterson
 
et al. 1969). It has been suggested that high
 
titanium occurs in "red" maria, low Ti in
 
"blue".
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Level 1: 	 Map the distribution of elements over the
 
surface of the Moon.
 
UV and visible (A2.7), IR (A2.3) and X-ray
 
fluorescence (A2.9) spectrometry; 100-meter
 
resolution over the entire surface.
 
Level 2: 	 Characterize elemental composition for major
 
homogeneous systems.
 
Sample collection at typical-areas represen­
tative of the regions and representative of
 
deep materials. (Bl.l, B1.3)
 
Shallow drill (B3.2) if available, otherwise
 
use corer (B3.1).
 
Level 3: 	 No measurements directly related to the origin.
 
Level 4: 	 Define detailed distribution of elements
 
throughout the Moon.
 
lIT RESEARCH INSTITUTE 
44
 
1.5 CHEMICALS
 
Objective: 	 To compare the chemical composition of the
 
Moon with the Earth and other planets to;
 
provide data on the origin.
 
Present
 
Knowledge of
 
Objective: Lunar materials are in very low oxidation states.
 
The major constituents are:
 
Si0 2 	 38-42%
 
A1203 	 8-14%
 
FeO 	 15-20%
 
MgO 6-8%
 
CaO 10-12%
 
Na20 0.5-1%
 
K20 .05-0.4%
 
MnO 0.2-0.3%
 
Cr203 0.2-0.4%
 
(Science 1-30-70; Rose et al. p. 520).
 
The oxygen content is similar to that of stony
 
meteorites (Ehmann et.al. p.528 ).
 
Level 1: Map the distribution of chemicals over the
 
surface of the Moon.
 
UV, visible (A2.7) and IR Spectrometry

(A2.3); 100-meter resolution over the
 
entire surface.
 
Level 2: 	 Characterize chemical composition for major
 
homogeneous systems.
 
Sample collection at typical areas repre­
sentative of the regions. (B1.1, B1.3)
 
Shallow drill (B3.2) if available otherwise
 
use corer (B3.1)
 
Level 3: 	 No measurements directly related to the origin.
 
Level 4: Define detailed distribution of chemicals
 
throughout the Moon.
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1.6 MINERALS
 
Objective: 	 To compare the mineralogic-composition of the
 
Moon with the Earth and other planets to
 
provide data on the origin.
 
Present
 
Knowledge of
 
Objective: The'LSPET report (1969) concludes in part:
 
"(1) The fabric and mineralogy of the rocks
 
divide them into two genetic groups: (i) fine­
and medium-grained crystalline rocks of igneous
 
origin, probably originally deposited as lava
 
flows, dismembered and redeposited as impact
 
debris, and (ii) breccias of complex history.
 
(2) The crystalline rocks, as shown by their
 
modal mineralogy and bulk chemistry, are
 
different from any terrestrial rock and from
 
meteorites." Many rocks have a gabbroic
 
appearance.
 
Science 1-30-70 contains a wealth of information.
 
The material crystallized at 1070-1140'C
 -unar 

in a low oxidation state (Agrell et al. p. 583,
 
Anderson et al. p. 587). Three new minerals have
 
been discovered: pyroxmanganite, ferropseudo­
brookite, and chrotium-titanium spinel (Summary,
 
p.44 9). Anorthosites may come from the uplands
 
(Wood et al. p.602). Troilite is plentiful
 
(Evans p.62 1).
 
Level 1: 	 Map the distribution of minerals over the
 
surface of the Moon.
 
UV, visible (A2.7) and IR spectrometry (A2.3);
 
100-meter resolution over the entire surface.
 
Level 2: Characterize mineralogic composition for major
 
homogeneous systems.
 
Sample collection at typical areas representa­
tive of the regions. (Bl.l, B1.3)
 
Shallow drill (B3.2) if available, otherwise
 
use corer (B3.1).
 
Level 3: No 	measurements directly related to the'origin.
 
Level 4: 	 Define detailed distribution of minerals
 
throughout the Moon.
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1.7 INTERNAL STRUCTURE 
Objective: To determine whether the Moon is homogeneous, 
heterogeneous, radially symmetric, or axially 
symmetric as an indicator of its origin. 
Present 
Knowledge of 
Objective: 
-
The Moon's mean density = 3.36 g cm­3 (Kaula 
1969) and average surface density in mare = 
3.1 g cm­3 (LSPET 1969). Theoretical models 
indicate a central density of 3.5 to 3.7 g cm-3 
and "the possibility that large portions .. 
are completely molten is ruled out by the tri­
axial nature of the lunar gravity field" 
(Solomon et al. 1968, p. 482). 
C/MR2 -B/MR 2 = 0.402 + 0.002, implying a uni­
form density sphere (Raula 1969). Center of 
mass is displaced toward Earth (from center 
of figure) by 4 km (Arthur 1967). This produces 
substantial stresses at the lunar center, indi­
cating the center is rigid (MacDonald 1960). 
Level 1: Determine the figure of the Moon and detect 
gross inhomogeneities in its interior. 
Metric camera (A2.5), laser ranging (Al.3) 
observe continuous strips around the Moon 
(1-meter resolution). 
Orbital tracking for gravitational shape. 
Gravity gradiometer (A3.7) for gravita­
tional shape. 
Magnetometry (A3.6) to detect internal in­
homogeneities (thermal and magnetic). 
Level 2: Characterize the gross internal structure. 
Passive seismometry (B4.7) with active phase 
within relatively simple homogeneous areas. 
Level 3: No measurements directly related to the origin. 
Level 4: Detailed understanding of internal structure 
with emphasis on horizontal variations. 
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1.8 CRUSTAL THICKNESS
 
Objective: 	 To determine whether there are systematic
 
differences between crustal thicknesses on
 
the front and far-sides of the Moon which are
 
indicative of its origin.
 
Present
 
Knowledge of
 
Objective: Solomon et al. (1968) correctly predicted the
 
observed surface'density of 3.1 g cm-3
 
(LSPET 1969). They say (p. 482) "To account
 
for the mean density of p = 3.34 g cm-3 either
 
a solid-solid phase transformation or a com­
position change must take place." Some inves­
tigators have concluded that the lunar crust
 
is 20 to 45 km thick (Baldwin 1963, p. 242),
 
though it is not clear that a distinct "crust"
 
exists, and it is unlikely that it resembles
 
the Earth's.
 
Level 1: 	 Determine gross differences in crustal. thick­
ness on a regional scale.
 
RF sounder (Al.I) to map crustal thickness.
 
Level 2: 	 Determine gross differences in crustal thick­
ness between major regions front and far side.
 
Passive seismometry (B4.7) (with active
 
phase) in areas representative of regions.
 
Level 3: 	 No measurements directly related to the
 
origin.
 
Level 4: 	 Detailed understanding .of crustal properties.
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1.9 CRATER 	 RETENTION AGES,, AND CRATERING RATE 
Objective: 	 To determine whether there has been an epoch
 
of intense lunar bombardment.
 
Present
 
Knowledge of
 
Objective: 	 The lunar maria are apparently 4 x 109 years
 
old (LSPET 1969) as predicted by Hartmann
 
(1965). Meteorite data indicates that the
 
solar system is about 4.5 x 109 years old
 
(Holmes 1965); this, then, is presumably an
 
upper limit 	on the age of the lunar highlands.
 
Since the crater density in the highlands is
 
-31 times that in the maria, there was an
 
early intense bombardment (EIB) about 1000
 
times the average post-mare rate (Hartmann
 
1970). At present only large primary craters
 
can be identified clearly, so that only large
 
areas can be dated. If meter-scale primaries
 
can be distinguished from endogenic and
 
secondary craters, smaller features could be
 
dated (Hartmann 1970).
 
Level 1: 	 Determine crater densitLes in older regions
 
of the Moon, i.e., uplands.
 
Panoramic camera (A2.6) to provide crater
 
count-down to I 	km craters.
 
Level 2: 	 Determine present rate of impacts and average
 
crater lifetime as a function of size,
 
Seismic (passive) (B4.7) to measure
 
meteoritic impact rate.
 
Exposure age using solar wind as isotope
 
ager to determine rate of turnover of sur­
face materials. (BiI,Bi,3)
 
Level 3: 	 No measurements directly related to the
 
origin.
 
Level 4: 	 Detailed understanding of bombardment history.
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1.10 SOLIDIFICATION AGES
 
Objective: 	 To determine the age of the oldest units on
 
the Moon.
 
Present
 
Knowledge of
 
Objective: Meteorite data indicates that the solar system
 
is about 4.5 x 109 years old (Holmes 1965, pp.
 
375-78). Gas retention ages were incorrectly
 
labeled as solidification ages in LSPET 1969;
 
they now appear to be distinct. In the Apollo
 
11 Lunar Samples, the fines appear to be
 
older than the rocks. Details are (Science,
 
1-30-70):
 
Age(b.y.) Technique References
 
Fines: 4.66 UTh,Pb. Tatsumoto et al.,p.461
 
4.5 Rb-Sr Albee et al., p.4 63
 
4.60-4.63 U,Th,Pb Silver, p.468
 
4.70-4.75 Pb Gopalan et al.,p.471
 
4.76 	 2 07Pb- 206Pb Wahless et al.,p.479
 
4.7 2 07pb- 20 6Pb Kohman et 	al.,p. 481
 
4 63
Rocks: 3.65 8 7Rb-8 7 Sr Albee et al., p.

3.7 	 K-Ar Turner, p.4 66
 
4 68
4.1-4.2 	 UThPb Silver, p.

3.8 	 Rb-Sr Compston et al.,p.474
 
4.4 Rb-Sr Murthy et 	al.,p.476
 
3.7 	 8 7 Sr-8 6 Sr Gast et al., p.4 85
 
Level 1: Determine where oldest lunar materials are
 
likely to be.
 
Photography (A2.6) of feature (100-10 meters
 
resolution).
 
Level 2: 	 Measure solidification age of typical oldest
 
lunar feature.
 
Sample collection from deep excavations,
 
i.e., scarps. (Bl.l, Bl.3)
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Level 3: 	 No measurements directly related to the origin.
 
Level 4: 	 Detailed understanding of age relationships
 
in lunar formation.
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Objective: 

Present
 
Knowledge of
 
Objective: 

Level 1: 

Level 2: 

Level 3: 

Level 4: 

!ll GAS RETENTION AGES
 
To determine the ages of old materials
 
(uplands and basins) related to the most
 
recent major shock.
 
See Solidification Age.
 
No direct measurements.
 
Determine gas retention age of old features.
 
Sample collection at sites of very old
 
impacts.(Bl.1, B1,3)
 
No measurements directly related to the
 
origin.
 
Complete characterization of lunar impact
 
history.
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Objective: 

Present
 
Knowledge of
 
Objective: 

Level 1: 

Level 2: 

Level 3: 

Level 4: 

1.12 FORMATION INTERVALS
 
To determine the time span, from nucleo­
synthesis in the nebula, to the formation of
 
the Moon,as evidence-din original materials.
 
Meteorites give intervals -107 years (Anders
 
1963).
 
No direct measurements.
 
No direct measurements.
 
No direct measurements.
 
Determine isotopic ratios yielding formation
 
intervals.
 
Sample collection.
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2.1 MICROSCOPIC LIVING ORGANISMS
 
Objective: 	 To determine if any microscopic life forms
 
exist on the Moon.
 
Present
 
Knowledge of
 
Objective: No evidence of life in Apollo 11 lunar samples
 
(LSPET 1969); samples are very low in volatiles,
 
so prospects for life are now thought low in
 
mare lavas.
 
No organisms in Apollo 11 samples (Science,
 
1-30-70, pp. 751-80).
 
Level 1: 	 No direct measurement.
 
Level 2: Analyze samples from representative areas of
 
the Moon.
 
Sample collection; samples must be abiogeneti­
cally collected and preserved. (Bll,B1.3)
 
Level 3: 	 No direct measurements (assuming no life forms
 
are found).
 
Level 4: 	 No direct measurements (assuming no life forms
 
are found).
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2.2 ORGANIC MOLECULES 
Objective: To determine the nature and distribution of 
organic molecules, if any, on the Moon. 
Present 
Knowledge of 
Objective: No evidence of life in Apollo 11 lunar samples 
(LSPET 1969). See 2.1. The Apollo 11 Lunar 
Sample Report (Science 1-30-70) states: 
Carbon content m 200 ppm, mostly CO (Moore et al. 
p. 495, Manatt et al. p. 709, Burlingame et al. 
p.751) 
Nitrogen content 150 ppm (Moore et al. p. 495) 
Hydrogen content = 
p. 538) 
40-50 ppm (Friedman et al. 
H20 content < 100 ppm (Manatt et al. p. 709); 
= 100-1000 ppm (Friedman et al.p.538) 
Alkane content < l.ppb (Meinschein et al, p.753) 
Porphyrin content -0.1 ppb, due to LM exhaust 
(Hodgson et al. p.763 ; Rho et al. p. 754) 
Organic compounts < 10 ppm (Johnson et al.p.759). 
Level 1: No direct measurement due to limited concentra­
tion on the surface. 
Level 2: Analyze samples from representative areas on 
the Moon. 
Sample collection; samples must be abiogeneti­
cally collected and preserved. (B1.l, BI.3) 
Level 3: No direct measurements 
compounds are found. 
(assuming no organic 
Level 4: No direct measurements 
compounds are found). 
(assuming no organic 
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3.1 MASCONS
 
Objective: 	 To understand the nature and emplacement of
 
mascons.
 
Present
 
Knowledge of
 
Objective: Mass concentrations (mascons) exist under most
 
of the ringed maria. They are typically 50 to
 
200 km wide, with masses 20 x 10-6 M moon,
 
i.e., equivalent to a Ni-Fe sphere 100 km in
 
diameter (Muller and Sjogren 1968). There are
 
none under Mare Orientale or Sinus Iridum or
 
Mare Marginis it is unknown whether any exist
 
on the far side (Gottlieb et al. 1969). They
 
tend to correlate with the youngest lavas
 
(Hartmann, private communication). Theories of
 
origin include buried "asteroid", high density
 
lavas etc. and are still widely debated. In the
 
Apollo 11 Lunar Sample Report (Science, 1-30-70),
 
Ringwood et al. (p.607) conclud- thatmascons
 
could be composed of eclogite, whereas O'Hara
 
et al. (p.605) conclude that they could not.
 
Level 1: 	 Determine the location, size and mass of mascons
 
by monitoring-gravitational anomalies.
 
Metric camera (A2.5), laser ranging (Al.3);
 
definition of the selenoid.
 
Orbital Doppler 	tracking to detect gravita­
tional anomalies.
 
Gravity gradiometer (A3.7) to detect gravi­
tational anomalies.
 
Magnetometry (A3.6) to locate magnetic anomalies
 
for possible relationship to mascons.
 
Level 2: Determine density of mascons and heat flows.
 
Seismometry (passive (B4.7) and active
 
(B4.8) phase) in typical area above mascons.
 
Heat flow probe (B4.2).
 
Level 3: No direct measurements due to large scale of
 
mascons.
 
Level 4: 	 Determine the size, shape and characteristics
 
of mascons in order to understand the processes
 
by which they were formed.
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3.2 BASIN STRUCTURE
 
Objective:, 	 To define structural relationships and elements
 
of basins.
 
Present
 
Knowledge of
 
Objective: The basins fit the number vs. size distribution
 
of the continental craters, whereas they do not
 
fit thatFof the post-mare craters; thus they
 
were formed 	during the pre-mare cratering pro­
cess (Hartmann 1966). Basins exist on both
 
the near and far side of the Moon, but only
 
those on the near side contain maria (Masursky
 
1968, pp. 688-90). This may be connected with
 
the fact that the center of mass is displaced
 
toward the Earth. The Mare Orientale Basin is
 
the freshest lunar basin (Hartmann 1964;
 
Masursky 1969).
 
Level 1: Determine as far as possible the surface and
 
subsurface structure of basins.
 
RF sounder (AI.I) to define subsurface struc­
ture.
 
I-wave (A2.1), IR radiometry (A2.2), thermal
 
profiles and thermal anomalies indicative of
 
active tectonic regions.
 
Panoramic camera (A2.6) to provide data on
 
surface structure.
 
Level 2: 	 No direct measurements.
 
Level 3: 	 Determine the individual processes which have
 
contributed to the formation of the basin
 
structure.
 
Structural mapping - all experiments are 
designed to determine processes. 
Field mapping - causing scarps. 
Seismometry 	(B4.7) - radial fractures, faults. 
Medium drill (B3.3) etc., related to basins.
 
Strain gauge (B4.6) leave behind.
 
Tiltmeter (B4.4) - leave behind.
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3.2 BASIN STRUCTURE (Cont'd)
 
Level 4: Determine the overall structure of lunar
 
basins.
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3.3 BASIN EJECTA
 
Objective: To determine the extent and formation mechanism 
of ejecta blankets. 
Present 
Knowledge of 
Objective: The Mare Orientale Basin "measures 600 mi. 
across, with a great hummocky ejecta blanket 
extending out to 800 mi., and with lines of 
secondary impact craters extending for 1500 mi. 
across the lunar surface" (Masursky 1969). 
Other basins' ejecta are less extensive but 
similar; apparently they are older and degraded 
(Hartmann 1964). 
Level 1: Map extent of visible ejecta blankets. 
RF sounder (Alol) to determine depth of 
blanket. 
UV, visible (A2.7) and IR spectrometry (A2.3). 
v-ray (A2.10) and X-ray fluorescence (A2.9) 
to determine variations in blanket and its 
extent. 
Metric camera (A2.5) and laser altimeter 
(Al.3) to accurately measure slopes. 
4-wave (A2l), IR radiometry (A2.2) to obtain 
correlation and distribution of near-surface 
materials. 
Panoramic camera (A2.6). 
UV, visible, IR imagery (A2.4) to map extent 
of ejecta. 
Level 2: Obtain point samples of typical ejecta materials 
for composition and age. 
Sample collection. (B.I, Bl.3) 
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3.3 BASIN EJECTA (Cont'd)
 
Level 3: Determine the processes active in emplacement
 
of ejecta,, i.e., fluidized, feature formation,
 
etc.
 
Stratigraphic mapping and structural mapping
 
over typical area about 10 km in radius.
 
Shallow drilling (B3.2) for stratigraphic
 
relationship.
 
Petrographic (Bl.4) studies to define pres­
sure and temperature conditions at time of
 
formation.
 
Level 4: 	 Completely map and understand full emplacement
 
of ejecta blankets in the formation of lunar
 
surface phenomena.
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3.4 MARE FILL 
Objective To determine quantity, mechanisms and 
sequences of the filling of the mare basins. 
Present 
Knowledge of 
Objective: "The lunar surface is relatively soft to depths 
ranging from 5 to 20 cm... Beneath this rela­
tively soft surface, the material's resistance 
to penetration increases considerably." (LSPET 
1969, referring to Tranquility Base. See also 
1.3 to 1,6.) Mare material has roughly a 
basaltic composition and apparently was 
emplaced as lava flows. Flow fronts have been 
mapped and correlated with apparent flow 
sources in the wrinkle ridges. Two distinct 
tones of mare lavas, blue and red, may corre­
late with titanium abundance (blue = high Ti). 
The regolith runs 5-10m deep (Hartmann, pri­
vate communication). Also see the Apollo 11 
Lunar Sample Report, Science, 1-30-70. 
Level 1: Provide compositional and geometric data on mare. 
RF sounder (Al.l) to 
of mare. 
obtain depth geometry 
UV, visible, IR imagery (A2.4) to map out 
floor patterns. 
Metric camera (A2.5), laser altimeter (Al.3) 
to determine slopes on mare, 
UV, visible (A2.7), IR spectrometry (A2.3)
and y-ray (A2.10) and X-ray (A2.9) spectrom­
etry for comp6sitional mapping, NlO0 meters 
resolution. 
Level 2: Determine typical composition and age of mare 
materials. 
Sample collection from typical areas.(B.ll, B1.3) 
Heat flow (B4.2) from typical areas. 
Seismometry (passive (B4.7) with active 
(B4.9) phase) to determine depth profile 
of mare fill. 
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3.4 MARE FILL (Cont'd)
 
Level 3: 	 Determine processes by which mare is filled
 
with material whether fluidized gradually or
 
catastrophically. Examine specific flows.
 
Petrographic (BI.4) analysis to define fabric
 
and mineralogic composition of the materials.
 
Visual observations of events or sources of
 
flow materials.
 
Field mapping to determine volume of the
 
flow.
 
Sample collection to determine age of
 
individual flows,
 
Drilling (medium) (B3.3).
 
Seismometry 	(B4.7) and shallow drill (B3.2)
 
to define structural relationship of flow,
 
and to determine presence of intrusives,
 
laccoliths and sills.
 
Field mapping.
 
Heat flow (B4.2) and shallow drill (B3.2) to
 
determine if wrinkle ridges contribute to
 
flows.
 
Field mapping to determine if sinuous riles
 
contribute significantly to mare fill.
 
Level 4: 	 Fully understand the processes and extends of
 
mare fill.
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3.5 LARGE CRATER STRUCTURE (10-100 km dia.)
 
Objective: 	 To define the structural relationships and
 
elements of craters.
 
Present
 
Knowledge of
 
Objective: Important features of craters are "shapes of
 
large basins, hummocky deposits adjacent to
 
craters, great fields of base surge deposits
 
and, finally, great ray systems and fields of
 
secondary craters" (Masursky 1968, p. 678).
 
Diameter - frequency relations have been dis­
cussed by Chapman and Haefner (1967) and
 
Hartmann (1966). The large (D>4 km) craters
 
show a diameter distribution consistent with
 
asteroidal impact origin. Adler and Salisbury
 
(1969) have concluded that there are two
 
different degrees of circularity, and "that
 
the circularity of both populations appears to
 
decrease with age, that central peak formation
 
is probably not 	related to either population,
 
and that the relatively subeircular population
 
appears to be preferentially located around
 
the circular maria."
 
Baldwin (1963, Chapters 2-9) presents a
 
detailed treatment of crater characteristics.
 
He divides craters into 5 age classifications,
 
depending on how fresh they appear (p. 189).
 
There continues 	to be belief that both imbact
 
and endogenic large craters are present. The
 
latter may be of the collapse caldera type.
 
Virtually all investigators agree large endo­
genic craters (DY 10 km) appear in some crater
 
chains. Distinguishing crater origins and
 
determining 	their relative importance may be
 
a major area of lunar research (Hartmann,
 
private communica'tioh).
 
Level 1: 	 Determine the surface and subsurface structure
 
of craters.
 
RF sounder (Al.l) to determine subsurface
 
structure.
 
Panoramic camera (A2.6) to determine surface
 
structure.
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3.5 LARGE CRATER STRUCTURE (Cont'd)
 
Level 2: No direct point measurements of structure,
 
Level 3: Determine the individual processes which have
 
contributed to the structure of the craters.
 
Structural mapping
 
Field mapping
 
Medium drill (B3.3)
 
Strain gauge (B4.6)
 
Tiltmeter (B4.4) to determine processes
 
causing faults, folds, etc. related to
 
craters.
 
Level 4: Study, in depth, individual large craters.
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3.6 LARGE CRATER EJECTA
 
Objective: 	 To determine the extent and formation mechanisms
 
of ejecta blankets and rays.
 
Present
 
Knowledge of
 
Objective: 	 Rays contain clusters of decameter-scale
 
craters (Ranger VII).
 
The diameter of a ray system is very roughly

r12 times the diameter of the crater. Tycho
 
is an exception; its system, the largest, is
 
- 1900 miles across (from Baldwin 1963,
 
Chapter 19, "The Lunar Rays"). Apollo 12
 
raises question whether rays have concentra­
tions of glass spherules.
 
Level 1: 	 Map extent of visible ejecta blanket.
 
Panoramic camera to determine the visual
 
extent of blanket.
 
UV, visible (A2.7), IR spectrometer (A2.3) and
 
y-ray (A2.lO) and X-ray (A2.9) spectrometers

for compositional mapping.
 
RF sounder (Al.l) to map subsurface structure.
 
UV, visible, IR imagery (A2.4) to map extent
 
of ejecta and rays.
 
Level 2: Obtain point sample of typical young ejecta
 
blanket for age and composition.
 
Sample collection. (B.lI, B1.3)
 
Level 3: 	 Determine the processes active in the emplace­
ment of ejecta, i.e., fluidization, feature
 
formation.
 
Stratigraphic mapping and structural mapping
 
over typical areas of ejecta material.
 
Shallow drilling (B3.2) for stratigraphic
 
relationships.
 
Petrographic (BI.4) studies to define
 
temperature and pressure conditions at the
 
time of formation.
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3.6 LARGE CRATER EJECTA (Cont'd)
 
Level 4: 	 Completely understand the emplacement of large
 
crater ejecta blankets in formation history of
 
the Moon.
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3.7 LARGE CRATER FILL
 
Objective: 	 To determine the mechanisms by which large
 
craters have been filled.
 
Present
 
Knowledge of
 
Objective: Theoretical relations between burst energy,

burst depth, crater radius, crater depth, and
 
rim height, are 	discussed by Baldwin (1963,
 
Chap. 7, "Relationships Between Crater
 
Parameters"). The depth of fill is discussed
 
theoretically therein.
 
Some fill by breccia probably occurs in all
 
craters. Additional fill by mare material
 
may occur to greater or lesser depth in
 
different craters.
 
Level 1: Map compositional variations over the craters
 
and define gross depths.
 
UV, visible (A2.7), IR (A2.3) spectrometry
 
and y-ray (A2.10) and X-ray (A2.9) spectrom­
etry for compositional variations.
 
RF souder (Al.I) to determine approximate
 
depth of mare.
 
Level 2: Obtain samples to give typical composition
 
-and age and to define physical properties.
 
Sample collection. (Bl1,B1.3)
 
Level 3: 	 Determine the individual proces~es by which
 
the crater fills may have been deposited.
 
Sample analysis.
 
Field mapping.
 
Seismometry (active (B4.8) to determine
 
presence of impact melting using composition,
 
age and structure, also to verify mechanisms
 
similar to mare filling, i.e., flows, intru­
sives or to 	verify if filling is by ejecta
 
from other events.
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3.7 LARGE CRATER FILL (Cont'd)>
 
Level 4: 	 Define in detail the filling mechanisms and
 
processes for individual large craters and
 
locate large craters in the sequence of lunar
 
formation.
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3.8 CENTRAL PEAKS
 
Objective: 	 To determine differences between central peaks
 
and define their nature.
 
Present
 
Knowledge of
 
Objective: Central peaks of craters are usually multiple
 
and jagged. In no case is a peak as high as
 
original ground level. About 1900 craters
 
have central peaks. Some central peaks have
 
small craterlets at their summits (Baldwin
 
1963, Chap. 20, "The Central Peaks of Lunar
 
Craters").
 
One Copernicus peak has a dike-like linear
 
feature shown in Orbiter photograph. Statistics
 
are discussed by Wood (1968).
 
Level 1: Map structural and compositional properties of
 
central peaks.
 
Metric camera (A2.5) and laser altimeter (A1.3) to
 
determine structural relationships and shapes.
 
UV, visible 	(A2.7), IR (A2.3), y-ray (A2.10)
 
and X-ray (A2.9) spectrometers and UV,
 
visible and IR imagers (A2.4) for composi­
tional mapping at high resolution (-,10 meters),
 
IR (A2.2), 4-wave (A2.1) radiometry for high
 
resolution thermal maps.
 
Level 2: 	 Obtain samples which are representative of
 
central peaks.
 
Sample collection (must be representative
 
of central peaks). (B1.1, B1.3)
 
Level 3: 	 Define the mechanisms which individually have
 
contributed 	to the formation of central peaks.
 
Field mapping.
 
Medium drilling 	(B3.3).
 
Shallow drilling (B3.2) to distinguish

between mechanisms such as rebound, past
 
impact volcanism and centripetal slumping.
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3.8 CENTRAL PEAKS (Cont'd)
 
Level 3
 
(Cont'd) Sample collection to determine shock ages.
 
Petrographic (Bl.4) analysis
 
Active seismometry (B4.8).
 
Level 4: 	 categorize all central peaks and their forma­
tion mechanisms and sequence.
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3.9 CRATERLET SUBSURFACE STRUCTURE (I km dia.) 
Objective:r- To determine the origin of craterlets.
 
Present
 
Knowledge of
 
Objective: Ranger, Lunar Orbiter, and Apollo photographs

have shown that crater distributions extend to
 
craters less than 30 cm in size. Some craters
 
have sharp rims and ejecta blocks, some are
 
"soft" and shallow, some are dimple-shaped
 
with central depressions. The latter have
 
been considered drainage craters by Kuiper
 
(1965). Controversy continues over the ratio
 
of primary impacts: secondary impacts:
 
endogenic craters. Estimates are mostly in
 
the range 20:70:10 to 10:30:60. Craters
 
deeper than 	5-10m eject solid blocks in most
 
regions indicating the regolith is usually
 
about this thick (Hartmann, private communi­
cation).
 
Level I: Obtain maps of the craters, of a scale com­
patible with men walking on the surface
 
Panoramic camera (A2.6).
 
Level 2: 	 Obtain very high resolution pictures of such
 
craters. 
 I
 
Camera (BI.2) to obtain close-up pictures
 
of rocks, etc.
 
Level 3: 	 Define the substructure as an indication of
 
the formation processes. The processes are
 
primary impact, secondary impact, collapse
 
craters, drainage craters and mare craters.
 
Field mapping.
 
Medium drill (B3.3) to define substructure
 
below fill material.
 
Seismometry 	(B4.8) (active).
 
Level 4: 	 Gain full understanding of role of craterlet
 
processes in the formation of the Moon.
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3.10 CRATERLET EJECTA 
Objective: To determine the role that the ejecta from these 
craters play in the formation of the regolith. 
Present 
Knowledge of 
Objective: See 3.4. 
Level 1: Locate and characterize the distribution of 
craterlets over the Moon. 
Panoramic camera (A2.6). 
Level 2: Obtain representative samples of craterlet 
materials (composition and age). 
Sample collection. (Bl.l, Bl.3) 
Shallow drill (B3.2) to measure the compo­
sition of mean samples. 
Level 3: Characterize the extent, depth and nature of 
craterlet ejecta. 
Field mapping. 
Petrography (BI.4). 
Seismometry (active) (B4.8) 
Shallow drill (B3.2) to determine the extent 
of ejecta from thickness profiles. 
Level 4: Understand the ejecta effects on the regolith. 
JIT RESEARCH INSTITUTE 
72'.
 
3.11 UPLANDS SURFACE AND SUBSURFACE STRUCTURE
 
Objective: 	 To understand the processes that have generated
 
the present morphology of the uplands, to
 
recognize the essential difference between the
 
uplands and mare and to determine the extent
 
of homogeneity in uplands.
 
Present
 
Knowledge of
 
Objective: 	 The crater density in the most densely cratered
 
uplands is n31 times that in the maria
 
(Hartmann 1966). The uplands may have a rego­
lith of the order 300m thick composed of over­
lapping ejecta blankets. Uplands are hetero­
geneous in crater density and surface
 
characteristics. Global lineament systems are
 
best expressed in the uplands (Hartmann, private
 
communicatioh).
 
Level 1: 	 Map the surface topography and thermal and
 
structural variations over the uplands.
 
RF sounder (Alol) for subsurface structure.
 
UV, visible, IR 	imaging (A2.4) and radar
 
imaging (A102) for multispectral maps.
 
IR (A2.2), R-wave (A2.1) radiometry for
 
thermal mapping.
 
Metric camera (A2.5), laser altimeter (Al.3)
 
and panoramic camera (A2.6) for high resolution,
 
high fidelity images.
 
Level 2: 	 No direct measurements.
 
Level 3: 	 Identify the individual processes that have
 
helped form the uplands. These include impact
 
cratering, gas eruption, folding, faulting,
 
fluidization, ring dike formation, collapse
 
and ejecta emplacement.
 
Field mapping.
 
Stratigraphic mapping and petrography (B1.4)
 
to select clear examples of each of the
 
possible processes.
 
Medium drill (B3.3).
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3.11 UPLANDS SURFACE AND SUBSURFACE STRUCTURE
 
(Cont'd)
 
Level 3
 
(Cont'd): 	 Seismometry (active) (B4.8).
 
Seismometry (passive) (B4.7).
 
Heat flow (B4.2).
 
Magnetometry (B4.9).
 
Level 4: 	 Piece together the developmental history of
 
the uplands and determine whether the uplands
 
consist of distinct provinces.
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3.12 UPLANDS COMPOSITION
 
Objective: 	 To determine whether uplands represent a
 
differentiated early material, and its extent
 
of homogeneity,
 
Present
 
Knowledge of
 
Objective: Surveyor results indicate that the uplands have
 
a lower Fe-group content than the maria
 
(Patterson et al. 1969).
 
See also 3.11.
 
Level 1: 	 Determine the compositional provinces if they
 
exist in the uplands.
 
UV, visible (A2.7), IR(A2.3), X-ray (A2.9)
 
and y-ray (A2.10) spectrometry for compo­
sitional mapping.
 
UV, visible, IR imaging (2.4) to map com­
positional provinces.
 
Level 2: 	 Obtain samples from major compositional
 
provinces if such provinces exist.
 
Sample collection. (BI.l, Bl.3)
 
Level 3: 	 Define the individual processes which have
 
been most influential in the formation of the
 
uplands.
 
Field mapping for indication of differentiation.
 
Hand corer (B3.1).
 
Shallow drill (B3.2).
 
Medium drill (B3.3).
 
Sample collection.
 
Petrographic analysis (Bi.4).for mineralogic
 
composition.
 
Level 4: 	 Determine the detailed compositional distri­
bution with depth and location throughout the
 
uplands.
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3.13 ABSOLUTE AGE OF UPLANDS 
Objective: To determine the age of solidification of 
upland materials and to define the age 
sequence of upland features. 
Present 
Knowledge of 
Objective: The uplands are presumably younger than 
meteorites - 4055 x 109 years (Holmes 1965, 
pp. 375-78), and older than maria -
114 x 109 years (LSPET 1969; Hartmann, 
private communication). 
Level 1: No direct measurements. 
Level 2: Determine age of materials representative of 
major provinces. 
Level 3: 
Sample collection to determine solidification 
and gas retention ages and formation intervals. 
(Bl.1, Bl,3) 
No direct measurements. 
Level 4: Obtain detailed understanding of age and 
chronologic sequences in upland evolution. 
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3.14 EMPLACEMENT MODE OF MARIA 
Objective: 	 To determine the method by which the maria
 
reached their present state.
 
Present
 
Knowledge of
 
Objective: Strom (see Kuiper 1965) has mapped mare flow
 
units, flow fronts, and sources in wrinkle
 
ridges. The Apollo samples indicate surfaces
 
composed of lava flows of basaltic composition.
 
Basins on the near side of the Moon contain
 
maria, whereas those on the far side do not
 
(Masursky 1968, pp. 688-90).
 
Mare lavas come up to surface preferentially
 
along major faults (Hartmann 1964).
 
Level 1: Map the structural topography of maria.
 
UV, visible, IR imagery (A2.4) to map out
 
floor pattern.
 
Level 2: 	 Obtain samples from representative sites.
 
Sample collection from typical areas.(Bl.l, Bl.3)
 
,Lee'l 3: 	 Define the substructure as an indication of
 
the formation process.
 
Visual observations of vents or sources of
 
flow materials.
 
Field mapping to determine volume of flow.
 
Drilling (medium) (B3.3).
 
Seismometry (B4.7) and shallow drill (B3.2)
 
to define structural relationship of flow,
 
and to determine presence of intrusives,
 
laccoliths and sills.
 
Heat flow (B4.Zi),1and shallow drill (B3.2) to
 
determine if wtlhkle ridges contribute to
 
flow.
 
Field mapping to determine if sinuous rilles
 
contribute significantly to mare fill.
 
Level 4: 	 Categorize all maria and their formation
 
mechanism.
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315 AGE SEQUENCE OF MARIA
 
Objective: To determine the ages of various maria.
 
Present
 
Knowledge of 9
 
Objective: Mare Tranquillitatis is 3 to 4 x 10 years old
 
(LSPET 1969) and is probably the oldest of the
 
major maria (Hartmann 1968). Maria show a
 
range in crater densities by a factor about
 
2,5 (Hartmann 1968). Preliminary Apollo 12
 
results imply that Oceanus Procellarum is
 
2-3 x 109 years old,
 
Level 1: 	 No direct measurements.
 
Level 2: 	 Obtain age of typical sites,
 
Sample collection from typical areas.(B1l, B1.3)
 
Level 3: 	 Determine age distribution within individual
 
flows.
 
Sample collection to determine age of
 
individual flows.
 
Level 4: Completely define ages of all flows in all
 
- maria.
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3.16 STRUCTURE 	OF MARIA
 
Objective: 	 To understand the present morphology of maria.
 
Present
 
Knowledge of
 
Objective: 	 Seismic results from Apollo 11 suggest
 
peculiar structure. Depth of uppermost flows
 
is 5-10m below regolith surface.
 
See also 3.4
 
Level 1: 	 Obtain topographic maps of maria.
 
RF sounder (Al.l) to obtain depth geometry
 
of mare.
 
Metric camera (A2.5), laser altimeter (Al.3)
 
to determine slopes on mare.
 
Level 2: 	 Define physical characteristics at typical
 
sites.
 
Heat flow (B4.2) from typical areas,
 
Seismometry 	(passive (B4.7) with active
 
phase (B4.8)) to 	determine depth profile of
 
mare fill.
 
Level 3: 	 Define subsurface morphology for several
 
flows.
 
Visual observations of vents or sources of
 
flow materials.
 
Field mapping to determine volume of flow.
 
Seismometry (B4.7) and shallow drill (B3.2)
 
to define structural relationship of flow,
 
and to determine presence of intrusives,
 
laccoliths and sills.
 
Heat flow (B4.2) and shallow drill (B3.2) to
 
determine if wrinkle ridges contribute to
 
flows,
 
Level 4: 	 Completely define surface and subsurface
 
structure of all lunar maria.
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3.17 COMPOSITION OF MARIA 
Objective: To determine the composition of mare material, 
Present 
Knowledge of 
Objective: See 1.3 to 1.6, and 3.4. 
Level 1: Map topography and composition of maria. 
UV, visible, IR imagery (A2.4) to map out 
floor patterns. 
X-ray spectrometry (A2.9) for compositional 
mapping (100m resolution), 
Level 2: Determine composition at representative sites. 
Sample collection from typical areas.,(Bl.l, B1.3) 
Level 3: Define composition variations over several 
flows. 
Petrographic analysis (Bl.4) to define 
fabric and mineralogic composition of the 
materials. 
Drilling (medium) (B3.3). 
Level 4: Completely define composition of all flows in 
all maria. 
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3.18 REGOLITH SOLAR EFFECTS
 
Objective: 	 To determine the effects of solar radiation on
 
the photometric properties of surface materials.
 
Present
 
Knowledge of
 
Objective: Solar effects may be responsible for lunar
 
erosion. The solar wind has apparentlj been
 
responsible for the large amounts of noble
 
gases found in returned lunar samples (LSPET
 
1969). Glassy blebs found in small craters
 
may have resulted from a huge solar flare with­
in the last 30,000 years, in which the Sun's
 
brightness increased to more than 100 times
 
its present intensity for 10 to 100 seconds,
 
possibly due to an infalling comet (Gold 1969);
 
though an alternate view is that they are
 
impact-produced.
 
An early view that solar wind impacts darkened
 
the lunar surface (Hapke 1966) has been modified
 
to include possible solar bleaching of the
 
uppermost millimeter (Hapke 1968). See also the
 
Apollo 11 Lunar 	Sample Report, Science, 1-30-70.
 
Level 1: 	 No direct measurements.
 
Level 2: 	 No direct measurements.
 
Level 3: 	 Determine photometric properties of samples of
 
regolith material and their changes under
 
radiation.
 
ction for laboratory measurements.
aTPe Bel 4
 
bn-s;le photometry of exposed and buried
 
materials. On-site measurements preserve
 
the high vacuum condition on the Moon. (B1.2)
 
Level 4: Fully define regolith solar effects.
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3.19 REGOLITHEROSION AND TURNOVER
 
Objective: 	 To identify and characterize the erosional and
 
gardening processes on the Moon and to define
 
their characteristic periods.
 
Present
 
Knowledge of
 
Objective:-	 The more rounded appearance of the upper sides
 
of lunar rocks indicates an erosion process,
 
probably due to the solar wind (LSPET 1969)0
 
Crater and ejecta formation, plus this erosion,
 
are probably responsible for most turnover of
 
the regolith which has a turnover time of the
 
order io6 yr. The Surveyor project report and
 
Hartmann (1969) discuss the history of the
 
regolith materials as inferred-from degree of
 
fragmentation, size distribution, rounding,
 
surface distribution, etc. See also Science,
 
1-30-70; one rock has been on the on surface
 
110 million 	years (Stoenner et al. p. 553).
 
Level I: Define the depth of the regolith and age
 
sequence of regolith.
 
Panoramic camera (A2.6) (1/2 m resolution)
 
to examine crater dependence on regolith depth.
 
Meteoroid flux (A3.5).
 
w-wave (A2.1) and IR radiometer (A2.2) to
 
determine thickness.
 
RF sounder (Al.) to give thickness.
 
Level 2: 	 Determine the depth of regolith and particle
 
size distribution.
 
Sample collection (B1.l, B1.3)
 
Stereo photography (B.2)of rocks,
 
particles and craters.
 
RF sounder(Al.l) for thickness.
 
]IT RESEARCH IN'ST ITUTE 
82"
 
3.19 REGOLITH EROSION AND TURNOVER
 
Level 3: Define the processes responsible for erosion 
and gardening of the regolith. 
Field observation. 
Shallow drill (B3.2) and medium drill (B3.3) 
to determine depth of regolith. 
Petrographic (Bl.4) analysis for erosion 
mechanism. 
Meteroid flux (B2.4) measurement on surface. 
Level 4: Fully define the variations in regolith over 
surface of Moon. 
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3.20 ATMOSPHERIC COMPOSITION 
Objective: To identify the transient and permanent con­
stituents of the lunar atmosphere. 
Present 
Knowledge of 
Objective: The lunar atmosphere has a'pressure less than 
6 x 10-13 earth atmospheres (Baldwin 1963, 
Chapter 18, "The Atiosphere of the Moon"). 
Surveyor photos taken of the lunar horizon, 
2 hours after'sunset, when the Sun was 10 
below the horizon, show an "afterglow" possibly 
due'to dn atmosphere or diffraction at the 
lunar horizon (Phinney et al. 1969). 
Level 1: Identify the distribution of atmospheric species. 
Lyman-a telescope (A2.8). 
UV spectrometer (A2.7) and mass spectrometer 
(B5.5) for species identification. 
Absolute pressure gauge (B2.7). 
Measurements to continue after contamination 
by manned mission to surface. 
Level 2: Determine the average composition of the atmos­
phere and its variations with time. 
Mass spectrometer (B5.5)-for atmospheric 
abundance measurements. 
Absolute pressure gauge (B2.7). 
Level 3: No direct measurements due to contamination by 
manned missions. 
Level 4: No direct measurements. 
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3.21 SOURCES OF GAS
 
Objective: To define the nature and extent of gas sources
 
-on the Moon.
 
Present
 
Knowledge of
 
Objective: Certain lunar areas, e.g. Alphonsus, have
 
apparently emitted observable gas on occasion
 
(Baldwin 1963, p. 415).
 
Level 1: 	 Identify local concentrations of atmospheric
 
gases.
 
Lymanra telescope (A2.8) and UV imager (A2.4)
 
to locate gas sources.
 
Level 2: 	 Make directmeasurements of gas emission from
 
surface.
 
Mass spectrometer (B5.5) for abundance
 
measurements of occluded gases.
 
Level 3: 	 Determine processes by which gases are
 
released.
 
Sample collection.
 
Analysis for organic materials.
 
In situ measurements of rate variations.
 
Level 4: 	 No direct measurements.
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3.22 ATMOSPHERIC MOTION AND ESCAPE
 
Objective: 	 To determine atmospheric transport between day
 
and night sides and atmospheric escape data.
 
Present
 
Knowledge of
 
Objective: The time for the density of an atmosphere to
 
fall by li/e is given-by Spitzer (1948) as
 
C 3kT
where
tC 

and v2
 
20
 
C = rms velocity 	of gas molecules
 
T = atmospheric temperature
 
m = mass of gas molecule
 
g= planetary accel. of gravity
 
Ve= escape velocity (2.37 km/sec for the Moon)
 
k = Boltzmann constant
 
For the Moon, not considering collisions with
 
solar corpuscular radiation, times for decrease
 
in density of l/e at a lunar day temp. of 390 0K
 
(Allen and Ney) are
 
2He
4 3.5 hrs
 
10Ne2 0 38.7 yrs
 
18A 4 0  
-4.63 x 108 yrs
 
36Kr83 2.26 x 1024 yrs
 
At least i/e of the molecules of molecular
 
weight less than 43 would have escaped the Moon
 
in about 109 yrs.
 
Level 1: Determine the energy and abundance of gas
 
constituents.
 
Electrostatic analyzer (B5.5)
 
Lyman-a telescope (A2.8).
 
UV imager (A2.4).
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Level 2: Determine variations in atmospheric composition
 
between day and night.
 
Mass spectrometer (B5.5).
 
Level 3: 	 Determine the mechanisms of atmospheric gas
 
escape.-

Monitor the dissipation of spacecraft con­
taminants with special releases like barium.
 
Level 4: 	 No direct measurements.
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3.23 INTERNAL DENSITY PROFILE 
Objective: To determine the detailed internal structure 
of the Moon. 
Present 
Knowledge of 
Objective: See 1.7. 
Mascons indicate density heterogeneity near 
surface. 
Level 1: Determine the figure of the Moon and detect 
gross inhomogeneities in its interior. 
Metric camera (A2.5) and laser ranging (Al.3). 
Orbital tracking and gravity gradiometer 
(A3.7) for gravitational shape. 
Level 2: Determine subsurface density anomalies in 
specific regions. 
Magnetometers (B4.9) (stationary) to measure 
variations in interplanetary field as Moon 
translates. 
Heat flow probe (B4.2). 
Level 3: No direct measurements. 
Level 4: Develop detailed understanding of internal 
structure of the Moon. 
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3.24 INTERNAL COMPOSITION
 
Objective: 	 To determine detailed variations in the com­
position throughout the Moon.
 
Present
 
Knowledge of
 
Objective: See 1.2, 1.7, and 1.8.
 
Level 1: Determine inhomogeneities in internal density.
 
Metric camera (A2.5) and laser ranging (A1.3).
 
Orbital tracking and gravity gradiometer
 
(A3.7) for gravitational shape.
 
Magnetometer (A3.6) to detect internal
 
inhomogeneities.
 
Level 2: 	 Examine sample of deep-seated material.
 
Sample collection from diatremes, (B1.l, B1.3)
 
Level 3: 	 No direct measurements.
 
Level 4: 	 Understand compositional profiles of the
 
Moon's interior.
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3.25 SEARCH FOR ACTIVE SITES 
Objective: To map locations of the Moon where tectonic or 
volcanic activity is presently occurring. 
Present 
Knowledge of 
Objective: Possible sites are infrared "hot spots," dark 
halo craters, and sites of confirmed transient 
phenomena. The west wall of Aristarchus is 
the most (perhaps the only) reliable example 
of the latter (Hartmann, private communication). 
Level 1: Identify anomalies indicative of tectonic 
activity. 
IR (A2.2) and g-wave (A2.1) radiometer to 
detect thermal anomalies. 
UV imager (A2.4) for gas detection. 
Panoramic-camera (A2.6) for evidence of 
fresh movement of materials. 
Level 2: Detect seismic activity. 
Passive seismometry (B4.7). 
Level 3: Define processes which are active in the Moon. 
Measurements are dependent on activity 
detected in Level 2. 
Level 4: Acquire full understanding of lunar activity. 
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3.26 CAUSE 	OF SEISMICITY
 
Objective: 	 To determine whether lunar seismic signals are
 
caused by internal processes, meteoritic bom­
bardments, surface modification processes, or
 
tidal forces.
 
Present
 
Knowledge of
 
Objective: 	 An event lasting about 2 minutes was recorded
 
on 11-24-69 by the Apollo 12 passive seismic
 
experiment (Aviation Week & Space Technology,
 
12-1-69, p. 21). Seismic events are expected
 
from meteorite impacts, and (if it exists)
 
from tectonic activity.
 
Level 1: 	 No direct measurements.
 
Level 2: 	 Define the level and type of seismic activity.
 
Passive seismometry (B4.7).
 
Level 3: 	 Define and characterize the mechanisms for
 
seismic activity.
 
Passive seismometry (B4.7) in network over
 
Moon.
 
Level 4: 	 Fully define the extent of seismic activity
 
over the Moon and map the presently active
 
areas.
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3.27 INTRUSIVES 
Objective: To determine the extent and mode of intrusive 
activity on the Moon. 
Present 
Knowledge of 
Objective: Indications of volcanic activity and extensive 
lava flows indicate extensive intrusions. 
Level 1: Identify thermal anomalies. 
Passive li-wave (A2.1), IR radiometer (A2.2) 
to detect thermal anomalies. 
Level 2: No direct measurements. 
Level 3: Define the process of intrusives on the Moon. 
Medium drill (B3.3) for samples. 
Heat flow (B4.2) mapping. 
Tiltmeter (B4.4) and strain gauges (B4.6) 
to see if still active. 
Gravimetry (B4.5) to map extent. 
Field mapping. 
Level 4: Fully define role of intrusives in the evolu­
tion of the Moon. 
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3.28 RILLE ORIGIN 
Objective: To determine the origin of lunar sinuous rilles. 
Present 
Knowledge of 
Objective: Rilles are usually 20-100 miles long, 1/3 to 
2-1/2 miles wide, and 300-3800 feet deep. 
There are "families" of them, particularly 
around the edges of maria (Baldwin 1963, 
Chapter 21, 'Rilles, Wrinkles, and Faults"). 
Lunar orbiters htve taken many good photos 
showing definite meandering (Masursky 1968). 
"Hydrologists ... are studying these lunar 
channels. With knowledge of the slope, 
channel cross section, and meander length, 
they hope to be able to determine the nature 
of the material that flowed down these 
channels" (Masursky 1968, p. 681). 
Linear rilles may be a different class of 
objects, probably graben-like, whereas 
sinuous rilles seem to have been carved by 
flow,'(iartmann, private communitcation). 
Level 1: Map lunar rilles in three dimensions. 
Panoramic camera (A2.6) to provide rille 
geometry. 
Metric camera (A2.5) and laser ranger (Al.3) to 
define rille profile. 
Radar imager (Al.2) to give near-surface 
profile. 
Level 2: Determine the basic characteristics of the 
rille channel. 
Sample collection. (BI.1, B1.3) 
Field observations of rille bed. 
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3.28 RILLE ORIGIN
 
Level 3: 	 Define the processes by which sinuous rilles
 
are found.
 
Field mapping,
 
Stereo camera (BI.2).
 
Hand corer 	(B3.1) and shallow drill (B3.2)
 
to obtain subsurface samples.
 
Neutron activator (B5.11) to determine if
 
water is present.
 
Gravimetry (B4.5).
 
Trenching if material is soft enough.
 
Level 4: 	 Conduct a full investigation into the causes
 
and effects of sinuous rille formation.
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3.29 GRID 	SYSTEM
 
Objective: 	 To define the grid system and how it was formed
 
and to establish if it is still being utilized
 
to release strain.
 
Present
 
Knowledge of
 
Objective: "The Moon is covered with a network of linear
 
markings, but they are mostly associated with
 
specific lunar craters and circular maria which
 
were formed at widely different times8 .."
 
(Baldwin 1963, p. 388, Chapter 22, "The Lunar
 
Grid System"). In addition there is a fainter
 
moon-wide global pattern of lineaments
 
(Fielder 1965; Strom 1964). It may be the
 
result of ancient stresses, and is most pro­
nounced in NE-	and NW-trending directions.
 
Level 1: 	 Locate and define the extent of grid system
 
faults.
 
IR (A2.2), 	Il-wave (A2.1) radiometry to
 
define thermal 	anomalies.
 
Radar imager (Al.2) for near-surface structure.
 
Metric camera (A2.5) and laser ranger (Al.3)
 
to detect faults.
 
Level 2: 	 No direct measurements.
 
Level 3: 	 Determine if there is active faulting in the
 
grid system.
 
Passive radiometry (A2.1, A2.2).
 
Strain gauges (B4.6).
 
Tiltmeters 	(B4.4).
 
Level 4: 	 Fully understand role of grid system in
 
formation process of Moon.
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3.30 VOLCANIC 	STRUCTURES
 
objective: 	 To determine the type and importance of con­
structive volcanic features.
 
Present
 
Knowledge of
 
Objective: Domes and central peaks (Baldwin 1963, Chapter 23,
 
"Domes," Chapter 20, "Central Peaks;" Masursky
 
1968) and dark-haloed craters (Salisbury et al.
 
1968) are candidates for volcanic activity. In
 
addition m6re and more volcanic-like structures
 
are being recognized in Orbiter photos.
 
Level 1: Map volcanic features on Moon and determine
 
possible volcanic activity.
 
Passive w-wave (A2.1) and IR (A2.2)
 
radiometry for thermal anomalies.
 
Metric camera (A2.5) and laser ranger (Al.3).
 
Panoramic camera (A2.6).
 
Radar imager (Al.2).
 
Level 2: 	 Determine characteristic properties of lunar
 
volcanic materials.
 
Sample collection at several volcanic
 
structures.(Bl.1, B1.3)
 
Level 3: 	 Understand the volcanic processes that have
 
been or are active on the Moon.
 
Tiltmeters (B4.4).
 
Strain gauges (B4.6).
 
Gravimeters (B4.5).
 
Seismometry (passive (B4.7) with active
 
phase (B4.8)).
 
Medium drill (B3.3) for deep samples.
 
Field mapping.
 
Trenching in ash cinders.
 
Level 4: 	 Fully understand the role of lunar volcanism
 
in lunar development.
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3.31 INTERNAL TEMPERATURES-
Objective: To determine the isothermal contours within 
the Moon. 
Present 
Knowledge of 
Objective: See 1.2. 
Level 1: Map the internal thermal distribution. 
Magnetometer (A3.6) for internal conductivity
profiles. 
Level 2: 
Level 3: 
Define the average heat flow from the Moon. 
Heat flow (B4.2). 
No direct measurements. 
Level 4: Map completely the heat flow and internal con­
ductivity over the profiles of the Moon. 
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3.32 HEAT 	FLOW
 
Objective: 	 To determine whether the Moon had a hot or cold
 
origin.
 
Present
 
Knowledge of
 
Objective: See i.I.
 
Level 1: 	 Identify the areas of excessive or anomalous
 
heat flow.
 
IR (A2.2) and L-wave (A2.1) mapping of the
 
Moon with resolution of 100 meters (10-1 meter
 
resolution in anomalous areas).
 
Photography (A2.6) as back-up.
 
Level 2: 	 Determine the general level of heat flow from
 
the interior.
 
Shallow drills (B3.2) (3 meters) with heat
 
flow probes (B4.2).
 
Conductivity (B4.3) (requires days per 
measurement - leave package behind). 
Level 3: 	 No measurements directly related .to the origin.
 
Level 4: 	 Define detailed heat budget of the Moon.
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3.33 SURFACE THERMAL ANOMALIES 
Objective' To define the extent and nature of thermal 
anomalies in the surface. 
Present 
Knowledge of 
Objective: See i.1 and 3.21. 
Level 1: Map thermal anomalies over the whole Moon. 
Il-wave (A2.1), IR (A2.2) radiometry. 
IR imaging (A2.4). 
j-wave imaging (A2.1). 
Panoramic camera (A2.6). 
Level 2: Monitor the average surface heat flow. 
Heat flow (B4.2) for average lunar conditions. 
Level 3: No direct measurements. 
Level 4: Fully understand the causes of thermal 
anomalies on the Moon. 
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3a34 DEEP INTERIOR DIFFERENTIATION
 
Objective: 	 To determine the total differentiation history
 
of the Moon's interior.
 
Present
 
Knowledge of
 
Objective: See 1.2, 1.7 and 1.8.
 
Presence of maria and more andesitic nature of
 
uplands (Surveyor VII) relative to basaltic
 
maria indicates some differentiation (Hartmann,

private communication).
 
Level 1: 	 Determine the figure of the Moon, the internal
 
composition- and detect gross inhomogeneities
 
in its interior.
 
Metric camera (A2.5) and laser ranging (Al.3).
 
Orbital tracking and gravity gradiometer
 
(A3.7) for 	gravitational shape.
 
Magnetometer (A3.6) to detect internal
 
inhomogeneitiesa
 
Level 2: 	 Determine detailed internal structure and com­
position of the Moon.
 
Seismometry (active (B4.8) and passive (B4.7))
 
for detailed knowledge of discontinuities
 
and density profiles.
 
Need large 	network in inhomogeneous areas.
 
Magnetometers (B4.9) (stationary) to measure
 
variations in interplanetary field as Moon
 
rotates,
 
Heat flow (B4.2).
 
Level 3: 	 No direct measurements.
 
Level 4: 	 Develop detailed understanding of internal
 
structure and composition of the Moon.
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3.35 SURFACE HORIZONTAL DIFFERENTIATION 
Objective: To define the variations in lithology over the 
surface of the Moon. 
Present 
Knowledge of 
Objective: Surface known to be heterogeneous but quanti­
tative degree unknown. Units include cratered 
uplands, upland plains, ejecta blankets, rays,
"red" maria, and "blue" maria.(Hartmann, private 
communication). 
Level 1: Map the compositional process of the Moon. 
UV, visible (A2.7), IR(A2.3), X-ray (A2.9) 
and y-ray (A2.10) spectrometry to map the 
distribution of materials. 
UV, visible and IR imagery (A2.4). 
Panoramic camera (A2.6). 
Level 2: Characterize the materials from provinces 
identified in Level 1. 
Sample collection. (BI.l, Bl.3) 
Level 3: Determine the processes responsible for 
horizontal differentiation. 
Sample collection particularly from contact 
between provinces. 
Level 4: Fully understand the extent of-,and contributing 
processes to) horizontal surface differentiation. 
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3.36 PRESENT LUNAR MAGNETIC FIELD
 
Objective: 	 To define the magnitude and nature of the
 
intrinsic magnetic field.
 
Present
 
Knowledge of
 
Objective: There is no magnetic field >0.1w at 800 km
 
altitude in the Earth's equatorial plane. The
 
3
Moon's magnetic moment is <4 x 1020 gauss cm

(= 10-5 of Earth). There is no observed cap­
ture of the interplanetary field by the Moon,
 
meaning that the internal electrical conduc­
tivity o<10-5 	mho m-i (Ness et al. 1967;
 
Explorer 35 results). At the Apollo 12 site,
 
Bmoon 30.y, measured within the Earth's neufral
 
sheet (Aviation Week, 12-1-69, p. 21), and is
 
higher than expected.
 
Level 1:. Map the magnetic field vector around the Moon.
 
Magnetometer (A3.6) in neutral sheet.
 
Level 2: 	 Separate the intrinsic lunar field from the
 
interplanetary field.
 
Magnetometer (B4.9) on surface through many
 
lunar cycles and in Earth neutral sheet.
 
Level 3: 	 No direct measurements.
 
Level 4: 	 No direct measurements.
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3.37 PALEOMAGNETISM
 
Objective: 	 To define the extent of remanent
 
lunar magnetic fields and to-define the early
 
magnetic history of the Moon.
 
Present
 
Knowledge of
 
Objective: 	 Magnetization of Apollo 11 samples were
 
measured as follows:
 
Crystalline rocks (13): 
7 - no magnetic response. 
5 - induced magnetization -10 -4 gauss cm3 g-1 
1 - remanent (and induced) magnetization 
-10-4 gauss cm3 g-1 
Breccias (18; sic):
 
5 - no magnetic response. 
7 - induced magnetization -i0-2-i0 -4 gauss 
cm3 g-1* 
5 - remanent (and induced) magnetization
,10 -3 gauss cm3 g-i
 
-	
3 

Fines: induced magnetization r10 2 gauss cm g-i
 
(LSPET 1969).
 
More detail is given in Science, 1-30-70, pp.
 
-
691-712. Remanent magnetization is 0.3-8.4 x 10

gauss cm3 g-1, Curie temperatures are 680-780C.
 
Level 1: 	 No direct measurements.
 
Level 2: 	 Determine paleomagnetic fields in inner deposits.
 
Sample collection with orientation. (B1.1, BI.3)
 
Level 3: 	 No direct measurements.
 
Level 4: 	 Fully understand the original magnetic field
 
strength, polar structure and evolutionary
 
changes in the magnetic field.
 
*The article actually says 1012 to 10-4 , but this must be a
 
misprint, judging by the discussion therein.
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3.38 SUN-MOON FIELD INTERACTION 
Objective: To determine the manner in'which the solar wind 
and the solar magnetic field interact with the 
Moon. 
Present 
Knowledge of 
Objective: The Moon has no-detebtable overall magnetic 
moment (m<4 x 1020 gauss'cm3 ) and no detect­
able magnetosphere. The solar wind hits the 
bright side directly; a solar wind "shadow" 
with umbra and penumbra, is created on the 
dark side (Ness et al. 1967, LSPET 1969). 
Level 1: Fully define the particle and field environment 
of the Moon and its variations through the 
lunar and solar cycles. 
Plasma probe (A3.1)., 
Magnetometer (A3.6). 
'Cosmic ray teles'cope (A3.3). 
Charged particle detector (A3.2). 
'Neutral particle detector (A34). 
Level 2: Complement Level 1 with surface measurements. 
Plasma probe (B2:1). 
Magnetometer (B4.9). 
,Cosmic ray telescope (B2.2). 
Level 3: No direct measurements. 
Level 4: Fully understand the interplanetary interaction 
with an absorbing body. 
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.APPENDIX A
 
CHARACTERISTICS OF THE TEN
 
LUNAR EXPLORATION SITES'
 
INERODUCTION
 
It is most important at this time-to plan for the
 
Apollo missions which will follow the first lunar landing by
 
(1) selecting the sites and-their alternates, (2) assigning
 
a mission sequence, and (3) commencing the necessary site
 
analyses and mapping.
 
Provided that there are ten missions in the first
 
phase of manned lunar exploration, a set of sites should
 
include:
 
1. 	The two-types of mare material, "eastern"
 
and "western".
 
2. 	Regional stratigraphic units such as blanket
 
(ejecta) deposits around mare basins
 
3. 	Various types and sizes of impact craters in
 
maria and in highlands
 
4. 	Morphological manifestations of volcanfsm in
 
maria and in highlands
 
5. 	Areas which may give clues to the nature and
 
extent of processes, other than impact and
 
volcanism, which may -have acted upon the lunar
 
-surface.
 
These requirements meet both the geological and
 
geochemical objectives of the aforementioned-phase of lunar
 
exploration. The geophysical objectives require a specific
 
-mission assignment plan particularly for the construction of
 
seismic networks. Other scientific objectives do not call for
 
much that would contradict this rationalization.
 
Apollo Lunar Exploration Program Science Objectives and
 
Mission Plans. Sept. 1969, Bellcomm. Inc.,
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With these considerations -in mind, and as a first
 
step in planning for Apollo 12 to Apollo 20, a set of sites
 
is proposed. Investigation of these sites would best meet the
 
scientific requirements and achieve the objectives of lunar
 
exploration. The mission assignments were-based largely on the
 
geophysical requirements, i.e., the construction of geophysical
 
networks.
 
DESCRIPTION OF THE SITES
 
Following-are brief descriptions of the ten sites
 
which were chosen by GLEP on August 22, 1969.
 
1. 	 Landing- Site 2
 
This site (Tranquility Base) is located entirely
 
within relatively old (Imbrian) mare material. There
 
are many large subdued craters 200-600 m in diameter;
 
the number of intermediate size craters 50-200 m in
 
diameter is fewer than on younger mare material in
 
other sites. This crater distribution is common on
 
many apparently-old surfaces including the Imbrian
 
blanket (Fra Mauro Formation). It may reflect a
 
thicker layer of surficial debris in these areas of
 
relatively old terrain so that intermediate size
 
craters have an initially soft appearance and are
 
rapidly destroyed. An alternative explanation is
 
that a mantle of pyroclastics is present; some craters
 
near the site may bevolcanic and could be the source
 
of the pyroclasties.- Determination of the age and
 
nature of mare material (Imbrian) was the prime
 
object of a landing in this site; determination of
 
whether or not pyroclastics are present will have
 
application to many other areas with similar crater
 
populations.
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2a. 	 Landing Site 7-(Prime)
 
This site is also located entirely within relatively
 
old (Imbrian) mare material and also'shares the
 
characteristic distribution of large subdued 200-600 m 
diameter craters as well as the characteristic lower 
density of 50-200 m diameter craters. This-site ­
includes the crater in which Surveyor III landed. 
One of the primary scientific objectives of landing
 
at this site is to effectively sample a second mare'
 
for comparison with Apollo 11 and Surveyor data in
 
-order to learn the variability in composition and
 
"age of the "Imbrium" mare unit.
 
2b. 	 Landing Site 5 (Recyle)
 
This site is located within relatively young (Era­
tosthenian)'mare material. In contrast to-Tranquility
 
Base and Landing Site 7, the -areaof this site displays
 
a.large number of intermediate size craters 50-200 m
 
in diameter and a small number of larger subdued
 
craters 200-600 m in diameter. The site is surrounded
 
by well-developed ray clusters of the Kepler system.
 
Small-, weakly-developed crater clusters and lineaments
 
radial to Kepler occur within the site. Thus some
 
material derived,from depth at Kepler may be presented
 
in the surficial material, and fine-scale textural
 
details"related to the Kepler-rays -may also -be present.
 
There are more resolvable blocks ( 2 m) around craters
 
than in the three sites to the east (Landing Sites
 
1, 2 and 3) suggesting that the surficial material is
 
generally cdarser grained.­
3. 	 Fra Mauro Formation
 
The site of the Fra-Mauro Formation is in an extensive
 
geo'logic-unit-tovering great portions of the lunar
 
surface-around -Mare Imbrium. Therefore a mission to
 
this s-ite would result in an understanding of the
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2
 
nature, composition, and origin ofthis widespread
 
formation. The latter is interpreted as ejecta from
 
-Imbrium. An alternative to the Fra Mauro Formation,
 
although in somewhat different terrain (the Cayley
 
Formation), would be Hipparchus,
 
Rima Bode II or Littrow Area
 
Rima Bode II is a single linear rille which runs
 
close to a fresh, elongate crater and a crater chain.
 
Both the rile and the crater are possible sources
 
of a number of dark -geologic units most probably of
 
volcanic origin, including the Sulpicius Gallus
 
Formation. Therefore the site was selected as an
 
example of a volcanic region where it would be expected
 
to sample deep seated material, similar to that
 
expected to be found at Hyginus. The site of Littrow
 
would meet part (sampling of the Sulpicius Gallus
 
Formation) of the objectives of a mission toRima
 
Bode II.
 
The Littrow area is characterized by an abundance of
 
fresh looking wrinkle ridges in the mare. Mare
 
Serenitatis in this area is also characterized by-a
 
number of minute cracks forming systems subparallel
 
to the ridges, and thus, appears to be a stage in
 
wrinkle ridge formation. In one spot, the dark
 
blanketing material conspicuously covers part of a
 
fresh -ridge, which suggests-that the dark material
 
is relatively young and may be of volcanic origin.
 
Rimae Littrow constitute one part of a series of
 
rille networks around the margin of Mare Serenitatis
 
and lie close to its eastern edge. Associated with
 
the rille systems are low albedo blanketing materials
 
which, in the vicinity of Littrow, include some of
 
the darkest material on the lunar surface.
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The dark materials occur mostly on a level,'cratered
 
plateau, here called the Serenitatis Bench, between
 
typical mare to the west and rugged uplands-to the
 
east. 	However, part of the mare and uplands-Jn the
 
immediate vicinity of the plateau are anomaguxsly
 
dark.
 
5. 	 Censorinus (northwest)
 
Censorinus is a 3.8 km probable impact crater located
 
within, but near the edge, of a highland block south­
southeast of Mare Tranquillitatis. The proposed
 
landing site is to the northwest of the crater and
 
within the ejecta blanket. The site offers a unique
 
opportunity to sample, early in the lunar exploration
 
plan, both highland material and features associated
 
with a fresh impact crater. Censorinus is large
 
enough to exhibit clear signs of impact, but small
 
enough to be investigated on a foot traverse.
 
6. 	 Tycho (rim)
 
Tycho is also a fresh impact crater, in the southern
 
highlands. However, it is much larger than Censorinus
 
(about 85 km in diameter) and thus offers an oppor­
tunity 	of studying the many features common to large,
 
fresh impact events, including associated volcanism.
 
The vicinity of the landing site'of Surveyor VII is
 
the proposed landing site. In that area one encounters
 
several generations of flows, a pond or pool,-ejected
 
blocks (probably from Tycho), other ejecta features
 
and structures, and last but not least the Surveyor
 
VII spacecraft.
 
7. 	 Copernicus (peak)
 
.The crater Copernicus is a bright rayed crater, up
 
to 95 km in diameter, whose visible radial rays spread
 
out distances of several hundred kilometers. The walls
 
of the crater Copernicus expose a vertical section of
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about 4 km of the lunar crust. The floor, 60 km in
 
diameter, is nearly circular, and contains a small,
 
almost central, multiple peak, with large masses te
 
the east and the west, where the highest peak rises
 
800 meters. These peaks may have brought to the
 
surface material that once lay at considerable depth.
 
A mission to the central-peaks would be mainly a
 
sampling mission, with some emphasis on structural
 
relationships. Samples of large blocks on the peaks,
 
of the floor material, and of the mounds on the floor
 
would be of significance to the geochemistry of the
 
moon.
 
8. 	 Descartes
 
The area of the southern highlands north of the
 
drater Descartes is chara6terized by hilly, groovy,
 
and furrowed deposits. It is bound on the west by
 
a hilly and pitted stratigiaphic unit and on the
 
east by rugged hills which bound Mare Nectaris. The
 
Descartes region, which is-very similar to an area
 
to the west and northwest of Mare Humorum, is thought
 
to include a distinctive pattern of morphological
 
manifestations of volcanism in the lunar terrae.
 
Many of the elongate grooves and furrows are re­
miniscent of terrestrial volcanos. It is believed
 
that a 	mission to a region of intensive and prolonged
 
volcanism within the lunar terrae is most important,
 
from both the geological and geochemical viewpoints.
 
An alternative -to this site would be that of Abulfeda.
 
9. 	 Marius Hills
 
The Marius Hills are domes and cones near the center
 
of-Oceanus Procellarum, and west-,northwest of the
 
crater 	Marius, where isolated hills and clusters of
 
hills rise above the mare surface and form part of
 
lIT RESEARCH INSTITUTE 
110
 
a major north-south median ridge system that stretches
 
irregularly for some 1900 km through Oceanus Procellarum.
 
Many of the hills exhibit the convex upward shapes
 
suggestive of terrestrial laccolithic instrusions;
 
and some resemble terrestrial shield volcanos. The
 
variety of these features and their similarity to
 
terrestrial volcanic structures strongly suggests
 
that the area has been subjected to intensive and
 
prolonged volcanic activities.
 
10. 	 Hadley/Apennines
 
The Apennine Mountains constitute by far the most
 
imposing of the lunar mountain ranges, and form the
 
southeastern boundary of Mare Imbrium. They form the
 
base of a triangle-shaped elevated highland region
 
between Mare Imbrium, Mare Serenitatis and Mare
 
Vaporum. At the area of the proposed site, the
 
mountain front rises 1,280 meters above the adjacent
 
mare level to the west, i.e., the southeastern
 
portion of Palus Putredinis.
 
Rima Hadley is a V-shaped sinuous rille which
 
terminates to the south at an elongatedepression and
 
runs in a northeasterly direction, parallel with the
 
Apennine front, for over 50 km until it merges with
 
Rima Fresnel II to the north. Fresh exposures, pos­
sibly of stratified mare beds, occur along the top of
 
the rille walls from which numerous blocks have rolled
 
down the walls to settle on the floor of the rille.
 
In the 	area of the site, a small (5.5 km in diameter)
 
but conspicuously sharp and round crater appears to
 
have partly covered the rille. This crater, Hadley
 
C, is characterized by a raised rim and an ejecta
 
blanket which covers the mare craters and Autolycus
 
secondaries in the vicinity. The origin of Hadley
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C is a matter of controversy, although its morphologic
 
characteristics suggest that it is probably a mare.
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